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Deficiencies in shear resistance are a primary concern in concrete members due to 
the sudden and unpredictable nature of shear failures.  Shear deficiencies in concrete 
structures can arise due to improper design, long-term deterioration, man-made damages, 
increases in loads, or as a result of over strengthening in flexure.  A number of shear 
strengthening techniques offer a cost effective means for restoring or enhancing the shear 
capacity of a concrete member.  The use of externally bonded fiber reinforced polymers 
(FRP) is one such technique that has gained recent recognition for its high strength-to-
weight ratio and simplicity of application.  The development of this technique relies on 
experimental testing to better understand the behavior and failure mechanisms.   
Previous experimental investigations and analytical models/design guidelines 
were studied to identify and understand the parameters influencing the shear 
strengthening effect of externally bonded fiber reinforced polymers (FRP).  The 
knowledge acquired from the literature was used to design and carryout a full-scale 
experimental investigation for further evaluating the effectiveness of externally bonded 
FRP for shear strengthening.  Test specimens consisted of reinforced concrete (RC) and 
prestressed concrete (PC) girders.  Parameters of interest included the effects of: pre-
existing damage (cracks), transverse steel (stirrup) reinforcement ratio, FRP 
strengthening scheme, and methods of FRP anchorage.  The experimental results were 
compared with predictions from existing analytical models and design guidelines.  Lastly, 
an alternative analytical approach was developed which takes into consideration multiple 
parameters shown to have influence on the FRP shear strengthening effectiveness, but 
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leq Bonded length projected vertically that would be necessary if the fabric 
strain was uniform 
Lmax Maximum bond length of FRP reinforcement 
lt,max Anchorage length required to develop full anchorage capacity 
Lx Interface length of strip x 
M The external moment acting on a cross-section 
n Number of plies (layers) of FRP reinforcement 
n Ratio of the elastic modulus of FRP to the elastic modulus of steel shear 
reinforcement = Ef /Es [Chaallal et al., 2002] 
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n Curve-fitting factor for representing the compressive stress-strain response 
of concrete (equation 4-8) 
Nbl Force in flexural tension steel reinforcement required to resist shear 
Ntl Force in flexural compression steel reinforcement required to resist shear 
ns Total number of stirrups crossing concrete shear crack 
pf Center-to-center spacing of FRP strips measured orthogonal to the 
principal fiber direction 
Px Maximum load that can be carried by strip x 
12
Q  Stiffness element of FRP 
13
Q  Stiffness element of FRP 
22Q  Stiffness element of FRP 
23Q  Stiffness element of FRP 
R Strength reduction factor expressed as the ratio of the effective stress or 
strain in an FRP sheet to its ultimate strain or strength = εfe/εfu or ffe/ffu 
R
*




 Statistical measure of the goodness of a curve-fitting match 
rc Rounding radius for FRP sheets wrapped around a corner 
Rck Concrete characteristic cubic strength 
RL Ratio of remaining bonded length to the initial bonded length 
s Center-to-center spacing of steel stirrups measured along the longitudinal 
axis of the concrete section 
se Experimentally determined coefficient = 0.428 
sf Center-to-center spacing of FRP strips measured along the longitudinal 
axis of the concrete section 
sf Slip at debonding [Monti and Liotta, 2005] 
sf Deflection at maximum shear stress [Yuan et al., 2003] 
sfrp Center-to-center spacing of FRP strips measured orthogonal to the 
principal fiber direction 
sf, max Maximum FRP strip spacing limitation  
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so Deflection at failure 
ta Thickness of adhesive bond layer 
tb Thickness of adhesive bond layer 
tce Thickness of concrete prism 
tf Nominal thickness of one ply of the FRP reinforcement 
tp Total thickness of composite plates on both sides of beam web [Malek and 
Saadatmanesh, 1998] 
ts Width of FRP strip [Al-Sulaimani et al., 1994] 
V The external shear force acting on a cross-section 
Vc Concrete contribution to shear resistance 
Vcd Concrete contribution to shear resistance [fib-TG9.3, 2001 and JSCE, 
2001] 
Vc,exp Experimentally determined concrete contribution to shear resistance 
Ve Shear contribution from additional Dywidag external strengthening system 
Vf FRP contribution to shear resistance 
Vf,anal FRP contribution to shear resistance predicted by analytical models or 
design guidelines 
Vfd FRP contribution to shear resistance [fib-TG9.3, 2001] 
Vf,exp Experimentally measured shear resistance provided by FRP strips at 
failure 
Vn Nominal (total) shear resistance 
Vn,exp Experimentally measured nominal (total) shear resistance at failure 
Vn,norm Normalized nominal (total) shear resistance at failure 
Vped Component of effective tensile force of axial tendons parallel to shear 
force 
VRd Nominal (total) shear resistance [fib-TG9.3, 2001] 
VRd2 Nominal (total) shear resistance limitation for concrete crushing [fib-
TG9.3, 2001] 
Vs Steel stirrup contribution to shear resistance 
Vsd Steel stirrup contribution to shear resistance [JSCE, 2001] 
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Vs,exp Experimentally measured shear resistance provided by steel stirrups at 
failure 
Vwd Steel stirrup contribution to shear resistance [fib-TG9.3, 2001] 
Vyd Nominal (total) shear resistance [JSCE, 2001] 
wf Width of FRP reinforcing plies 
wfe Effective width of externally bonded FRP shear reinforcement 
wx Width of strip x 
x Strip number [Alexander and Cheng, 1998] 
x Independent variable in equation of a line 
y Coordinate along the depth of the beam [Carolin and Taljsten, 2005b] 
y Dependent variable in equation of a line 
yx Portion of load carried by strip x 
z Depth of internal lever arm 
zb Coordinate of lower edge of effective FRP on sides [Chen and Teng, 
2003a and b] 
zrid,eq Vertically projected length of the FRP strip, minus the effective bond 
length where bond is building up, plus a bonded length that would be 
necessary if the FRP stress was uniform under the debonding slip 
zt Coordinate of upper edge of effective FRP on sides [Chen and Teng, 
2003a and b] 
α Angle between the principal tensile stress and the fiber direction = θ - β 
[Carolin and Taljsten, 2005b] 
α Strength efficiency factor [Sim et al., 2005] 
α Ratio of bond force that the effective bond area can bear [Ueda and Dai, 
2004] 
α2 Fixed angle between the applied principal compression stress and the 
longitudinal steel bars associated with the softened truss model 
β Angle of orientation for principal FRP fiber direction with respect to 
longitudinal axis of concrete beam 
βL Bond length coefficient 
βw FRP strip width coefficient 
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γb Member factor = 1.25 
γf Partial safety factor for FRP 
γfs Ratio of the vertical component of average strain in the FRP sheets to the 
average strain in the steel stirrups 
γf,d Partial safety factor depending on the FRP application accuracy 
ε0 Strain corresponding to peak concrete compressive stress 
ε1 Strain in the principal 1 coordinate direction 
ε2 Strain in the principal 2 coordinate direction 
εbond Maximum allowable strain in FRP to prevent bond failure 
εc Compressive strain in concrete 
εc, max Maximum allowable strain in FRP to prevent loss of the concrete 
contribution 
εcr Strain at cracking of concrete  
εcr Critical strain limit for determining the effective strain in FRP shear 
reinforcement [Carolin and Taljsten, 2005b]  
εf strain in FRP fibers 
εf ave Average FRP strain for I-shaped sections 
εfd,e Design effective strain in externally bonded FRP shear reinforcement 
along the principal fiber direction 
εfe Effective strain in externally bonded FRP shear reinforcement along the 
principal fiber direction 
εf,e,A Effective FRP strain in principal fiber direction (ACI code format) 
εfi, ave Average strain in i-th FRP strip 
εfk,e Characteristic effective FRP strain in principal fiber direction 
εf max Maximum strain in an FRP sheet 
εfrp, max Maximum FRP strain at debonding 
εfu Ultimate tensile strain of FRP along the principal fiber direction 
εmax Limiting value of characteristic effective FRP strain [Triantafillou and 
Antonopoulos, 2000] 




εmax Maximum useable strain of FRP for shear strengthening [Chen and Teng, 
2003a and b] 
εmax Strain in the most stressed fiber of the FRP along the cross-section 
[Carolin and Taljsten, 2005b] 
εmax,A Limiting value of effective FRP strain (ACI code format) 
εr Tensile strain in concrete 
εs Strain in steel stirrups 
ενcu Ultimate vertical tensile strain of concrete [Chajes et al., 1995] 
εvi Strain in i-th steel stirrup 
εxx Mean horizontal strain in web of girder 
εxy Shear strain in web of girder 
εy Yield strain of steel 
εyy Mean vertical strain in web of girder 
δ Coordinate ratio of the upper edge to the lower edge of the effective FRP 
= zt /zb [Chen and Teng, 2003b] 
δ Concrete softening coefficient 
ε Average fiber utilization factor 
ζ Angle of orientation for diagonal shear cracks with respect to longitudinal 
axis of concrete beam 
ζf Angle of orientation for diagonal shear cracks in beam flange relative to 
longitudinal axis of concrete beam 
ζw Angle of orientation for diagonal shear cracks in beam web relative to 
longitudinal axis of concrete beam 
λ1 Effective bond length parameter 
λ2 Effective bond length parameter 
λ Shear span-to-depth ratio = a/d 
λ Factor to account for low density concrete [CAN/CSA S806-02, 2002] 
λf Bond length index 
ν Constant representing the contribution of the concrete compressive 
strength [Sim et al., 2005] 
ρf FRP shear reinforcement ratio = 2ntf wf /(bw sf) 
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ρf FRP ratio = 2tf /(bw d) [Chaallal et al., 2002] 
ρf, 45º Shear reinforcement ratio for FRP oriented at 45º orientation 
ρf, 90º Shear reinforcement ratio for FRP oriented at 90º orientation 
ρs Shear steel reinforcement ratio = Av /(sbw d) [Chaallal et al., 2002] 
ρsl Longitudinal tensile steel reinforcement ratio  
ρs,f Stiffness ratio between transverse steel shear reinforcement and FRP shear 
reinforcement = Es Av / Ef Af 
ρtot Total shear reinforcement ratio = nρf + ρs [Chaallal et al., 2002] 
ρtot Total transverse shear reinforcement ratio = ρv + ρf 
ρv Transverse steel reinforcement ratio = Av /(bw s)  
ζ1 Axial stress in concrete cylinder (Figure 2.3) 
ζ3 Later confining stress in concrete cylinder (Figure 2.3) 
ζcz Axial stress in compression-zone concrete (Figure 2.4) 
ζfrp, max Maximum stress in FRP intersected by a shear crack 
ζr Tensile stress in concrete 
η Shear stress  
ηcz Shear stress in compression-zone concrete (Figure 2.4) 
ηave Average shear stress along an FRP strip [Al-Sulaimani et al., 1994] 
ηm Bond stress 
ηmax Ultimate direct shear strength [Hsu et al., 2003] 
ηmax Maximum shear stress  
ηult Interface shear strength between concrete and FRP [Al-Sulaimani et al., 
1994] 
ηx Shear stress associated with Lx on shear stress vs. interface length curve 
 Material resistance factor 
c Resistance factor for concrete 
f Resistance factor for FRP 
R Coefficient describing the percentage of the ultimate FRP strength that can 
be utilized based on a function of the rounding radius with respect to beam 
width 
Fk Specific rupture energy of the concrete strengthening bond 
  
xxiv 
f Strength reduction factor applied to the shear contribution of FRP 




1.1.1. General.  Structurally deficient or functionally obsolete bridges have been 
an ongoing problem for the nation’s infrastructure.  In the Federal Highway 
Administration’s 2009 report [U.S. Department of Transportation, 2009], 71,179 of the 
nations bridges were considered structurally deficient with an additional 78,468 
determined to be functionally obsolete.  There are a number of reasons a bridge might be 
considered structurally deficient, including changes in usage (i.e., increased loads), 
improvements in design standards, increased safety requirements, long-term 
deterioration, or man-made damage.  The costs associated with replacing the nation’s 
structurally deficient bridges are prohibitive while public funds for tackling such a 
challenge are limited [Chajes et al., 1995].  A more economical solution to this problem 
is the use of innovative rehabilitation and strengthening techniques.  One such technique 
of particular interest in the last two decades has been the use of fiber-reinforced polymer 
(FRP) composites.   
FRP composites have been steadily making their way into civil engineering 
infrastructure since the late 1970s and early 1980s.  By the 1990s, FRP composites had 
been generally adopted as a new alternative for the reinforcement of concrete structures.  
Their applications include the replacement of traditional steel reinforcements with FRP 
alternatives in new construction as well as externally bonded techniques for strengthening 
of deteriorated or deficient structures.  It is the later application which has shown the 
greatest promise as a cost-effective solution for rehabilitating structurally deficient 
concrete bridge girders.  FRP composites are favored over traditional strengthening 
methods because of their high strength-to-weight ratio, corrosion resistance (i.e., in the 
case of carbon and aramid fibers), speed and simplicity of application, and versatility in 
conforming to various cross-sectional geometries.   
A number of experimental investigations have shown externally bonded FRP to 
be effective in increasing the flexural and shear strength of reinforced concrete girders.  
However, the majority of these studies have focused on the flexural strengthening aspect.  
The present knowledge on shear strengthening of reinforced concrete girders has been 
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developed from a limited experimental knowledge base.  As a consequence, a number of 
diverse analytical approaches have been proposed for predicting the shear contribution of 
externally bonded FRP.  Thus a more comprehensive understanding of the behavior of 
externally bonded FRP systems for shear strengthening of concrete girders was sought in 
the following research work. 
1.1.2. FRP Composites.  FRP is a two part composite consisting of fibers and a 
surrounding matrix.  The fibers are the primary source of strength and stiffness for the 
FRP.  Carbon (CFRP), glass (GFRP), or aramid (AFRP) fiber types are generally used.  
Carbon fibers provide the most advantageous mechanical properties with ultimate 
strength and stiffness greater than that of traditional steel reinforcements.  The 
surrounding matrix helps maintain alignment of the fibers while also providing a 
mechanism for stress transfer among the individual fibers.  It can also help to protect the 
fibers from damage or environmental hazards.  The matrix generally consists of a 
thermosetting or thermoplastic resin.  The most common types are epoxy, polyester, or 
vinylester.  Figure 1.1 illustrates the typical makeup of FRP as well as the stress-strain 





 (a) (b) 
Figure 1.1.  Schematic of (a) FRP composition [Nanni] and (b) typical FRP fiber and 
resin material properties [ACI 440, 1996] 
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FRP materials can be fabricated in various forms including bars, plates, and 
sheets.  Bars are usually used in new construction where they may be substituted for 
traditional steel reinforcement to alleviate corrosion problems.  FRP bars and other 
structural shapes such as prestressing tendons, grid reinforcement, and dowels are 
fabricated through the process of pultrusion.  Pultrusion is a highly automated process in 
which reinforced fibers and fiber fabrics are pulled through a resin and then extruded into 
a heated die where the resin is polymerized [Bakis et al., 2002].  FRP developed for 
externally bonded applications generally consist of pre-cured laminated plates or sheets.  
Such applications are generally reserved for rehabilitation and retrofit purposes.  Plates, 
in particular, are often used as flexural reinforcement for beams and slabs, whereas sheets 
are more commonly used for shear strengthening and confinement of columns.  FRP bars 
have also been used in a technique known as near surface mounting.    
The primary advantage of FRP is their high strength-to-weight ratio and design 
versatility. These properties are particularly important in rehabilitation applications 
because they permit strengthening without adding significant additional dead weight to 
the structure.  The light weight characteristics of this material also allow it to be applied 
to a structure without the need for temporary supports. These characteristics of FRP 
significantly reduce labor costs and strengthening time.  Other beneficial properties 
include corrosion resistance, magnetic transparency, and chemical resistance with a few 
exceptions such as glass fiber composites which can be susceptible to alkaline solutions 
and ultraviolet radiation if not properly treated.  These properties are especially important 
since most infrastructure problems are related to corrosion of steel reinforcements. 
1.1.3. FRP Applications in Civil Engineering Infrastructure.  The use of FRP 
in civil infrastructure rehabilitation has increased rapidly in the last two decades.  These 
materials have found a wide range of structural applications and have grown more 
popular among designers, contractors, and owners due to their advantages over 
conventional materials.  FRP materials date back to the early 1940s when they were first 
used in aerospace and naval applications as part of the defense industry.  During the late 
1970s and early 1980s, the use of FRP began to emerge in civil engineering 
infrastructure.  By the 1990s, civil engineers were adopting FRP for use in two major 
areas: (1) new construction with all-FRP solutions or new composite FRP/concrete 
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systems and (2) repair, strengthening, and rehabilitation of deficient or deteriorated 
structures. 
One of the most common applications of FRP materials in new construction is the 
use of FRP reinforcing bars.  They may be used as an alternative to traditional steel 
reinforcements or in combination with them.  FRP materials offer greater strength and 
stiffness per unit of material than traditional steel reinforced concrete [Bakis et al., 2002].  
In addition, they provide exceptional durability, substantial reduction or elimination of 
corrosion, and better surface crack width control [Arya et al., 1995].  Due to the wide 
spread aging of infrastructure, the greatest potential for FRP materials lies in the 
rehabilitation and retrofit of existing structures.  Composites for structural strengthening 
are available today in the form of pre-cured strips or uncured sheets.  Pre-cured strips are 
typically made of unidirectional fibers (carbon, glass, or aramid) surrounded by an epoxy 
matrix and range in sizes from 0.02 to 0.06 inches thick and 2 to 8 inches wide.  Uncured 
sheets typically consist of unidirectional or bidirectional fibers (often called fabrics) that 
are either pre-impregnated with resin or impregnated in situ and have a nominal thickness 
of less than 0.04 inches.  These fabrics are highly conformable to the surface onto which 
they are bonded [Bakis et al., 2002].  Bonding is typically achieved with high-
performance epoxy adhesives. 
FRP materials tend themselves to three categories of retrofit applications: (1) 
flexural strengthening, (2) confinement of compression members, and (3) shear 
strengthening.  Flexural strengthening of RC members is one of the most common 
applications, involving epoxy-bonding of FRP sheets to the tensile zone of the member 
with the direction of fibers parallel to the member axis.  Well established analytical 
procedures can be used to design strengthening systems for beams and columns in 
flexure, provided that special attention is paid to the bond between the concrete and FRP 
[Triantafillou, 1998b].  This kind of application has been shown to significantly increase 
strength; however, it has also been found to usually be accompanied by a loss of ductility.  
Typical failure modes in members strengthened in flexure with FRP are rupture of the 
FRP sheets, concrete failure in the compressive zone, or peeling of the laminate [Neale, 
2000].  Another frequent application is the wrapping of columns to increase confinement 
which has been shown to improve both strength and ductility.  This strengthening method 
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is generally applied in seismic regions to enhance the ductility of compression members 
subjected to seismic loads or in non-seismic regions to increase the axial capacity of 
columns subjected to increased vertical loads.  In either case, confinement is provided by 
wrapping RC columns with FRP materials (prefabricated jackets or in situ cured sheets) 
such that the principal fiber direction is along the circumference of the section [Bakis et 
al., 2002]. 
1.1.4. FRP Shear Strengthening Applications.  Various FRP laminates and 
fabrics offer an alternative to traditional techniques for increasing the shear performance 
of structural members.  Shear strengthening applications consist of externally bonding 
FRP sheets or laminates to the surface of a concrete member using the wet lay-up 
technique.  The wet lay-up process involves in-situ impregnation of dry fiber/fabric with 
epoxy resin and the subsequent bonding of these impregnated sheets to the pre-treated 
beam surface [Teng et al., 2004].  Typical FRP shear strengthening schemes for concrete 
girders consist of side bonding, U-wrap, or complete wrapping configurations as shown 
in Figure 1.2.  The effectiveness of side bonding applications (Figure 1.2(a)) is limited by 
debonding of the FRP.  U-wrap configurations (Figure 1.2(b)) are generally more 
efficient due to the enhanced anchorage created by wrapping the FRP around the bottom 
soffit of the girder.  Complete wrapping of the section (Figure 1.2(c)) is the most efficient 
scheme; however, it is generally impractical for bridge girder strengthening due to the 
presence of the deck slab.  All three FRP strengthening schemes can be applied as a 
continuous sheet along the critical shear span or a series of discrete strips as shown in 
Figure 1.3.  The use of discrete strips has the advantages of allowing the migration of 
moisture from the concrete structure and inspection of cracking, peeling, or debonding.  
Mechanical anchorage systems may be used to improve the efficiency of the FRP 
strengthening system (Figure 1.2(d)).  FRP shear strengthening applications may also 
consider the orientation of the fibers relative to the longitudinal axis of the beam as 
shown in Figure 1.3.  Orienting the fibers parallel to the principal tensile stresses provides 
optimum performance while fibers oriented perpendicular to the longitudinal axis of the 





 (a) Side bonding (b) U-wrap 
 
 (c) Complete wrap (d) U-wrap with mechanical anchorage 





 (a) Continuous sheet at 90º (b) Discrete strips at 90º (c) Discrete strips at 45º 





The effectiveness of the strengthening method depends on the mode of failure 
[Bakis et al., 2002].  Most experimental results have revealed two main failure modes: (1) 
tensile rupture of the FRP, starting with the most highly stressed region and propagating 
along the main shear crack or (2) sequential debonding of the FRP from the concrete 
substrate, starting from the most vulnerable strip [Teng et al., 2004]. 
 
 
1.2. RESEARCH SCOPE AND OBJECTIVES 
The goal of this research was to investigate the behavior and effectiveness of 
externally bonded FRP systems for strengthening concrete girders in shear.  To do this, 
the research efforts were aimed at identifying the shear resistance mechanisms and trying 
to quantify their effectiveness.  Experimental investigations on externally bonded FRP 
shear strengthening in the literature are limited and have primarily focused on small-scale 
specimens.  Thus, an additional focus of the research was to demonstrate the 
effectiveness of such systems on the full-scale level.  The objectives of this research were 
to: (1) collect and review existing experimental data and analytical models related to 
shear strengthening with externally bonded FRP, (2) use this information to identify 
parameters influencing the behavior of externally bonded FRP systems for shear, (3) 
develop and conduct a full-scale experimental program including both traditional 
reinforced concrete (RC) and prestressed concrete (PC) girders to evaluate the 
performance of FRP shear strengthening systems, (4) evaluate the performance of 
existing analytical models and design guidelines for predicting the shear capacity of 
concrete girders strengthened in shear with externally bonded FRP, (5) provide greater 
insight in to the shear resistance mechanisms and quantify their effect.   
 
 
1.3. RESEARCH METHODOLOGY 
This study was conducted as part of a larger research project funded by the 
National Cooperative Highway Research Program (NCHRP) which consisted of two 
phases.  The first phase consisted of a comprehensive collection and review of the present 
data available for externally bonded FRP shear strengthening techniques for reinforced 
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concrete beams.  All experimental results were compiled into a large database and used to 
identify parameters of interest in FRP shear strengthening applications.  All analytical 
models and design provisions were evaluated to identify their strengths and weaknesses.  
From this comprehensive review of the literature, a work plan was developed for a full-
scale experimental program designed to further investigate key parameters identified in 
the literature.   
The second phase of the research project involved carrying out the full-scale 
experimental program and analysis of the results.  This process began with the design and 
fabrication of an experimental test set-up to fit the testing requirements.  The next step 
was the design and construction of the RC and PC girder test specimens.  This step 
included the design and application of all instrumentation to be used.  Consideration had 
to also be given to the details of the FRP strengthening and mechanical anchorage 
applications.  Then, a loading procedure was developed to maintain consistency among 
the test specimens.  At the completion of each test specimen, all the collected data was 
processed and analyzed to determine strains in the stirrups, strains in the FRP, shear-
displacement curves, shear component contributions, and principle strains in the web. 
 
 
1.4. DISSERTATION OUTLINE 
The outline of this dissertation consists of six sections.  This first section is an 
introduction providing a brief background on FRP composites and there use as a 
strengthening material for RC/PC beams.  It focuses on shear strengthening applications 
which are the subject of this research.  This is followed by an outline of the scope, 
objectives, and methodology for the following research.   
Section two presents a review of the literature essential to understanding the 
behavior of RC/PC girders strengthened in shear with externally bonded FRP and the 
logic behind the models developed to predict this behavior.  It begins with a discussion of 
the shear resistance mechanisms for RC/PC beams.  Then a review of various shear 
theories developed for RC/PC beams is presented to provide a background for the 
extension to FRP strengthened RC/PC beams.  This is followed by a comprehensive 
review of existing models for predicting the FRP shear contribution to RC/PC beams.  
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Previous experimental investigations and field applications are also presented to show the 
development of the present knowledge for FRP shear strengthening and its 
implementation.  Lastly, the present understanding of the bond behavior between 
concrete and FRP as well as anchorage systems developed to prevent debonding are 
discussed.  
Section three describes the details of the experimental program conducted to 
further investigate the behavior of RC/PC girders strengthened in shear with externally 
bonded FRP.  This section outlines the experimental test parameters, specimen details, 
material properties, test set-up, strengthening applications, and instrumentation. 
Section four presents the experimental results and provides discussion of the 
findings.  Results are compared among specimens to show trends and highlight the 
effectiveness of the various strengthening schemes and anchorage systems. 
Section five discusses the analytical contribution of this research.  Here, 
predictions by existing analytical models and design guidelines are compared to the 
experimental results.  Development of an alternative analytical approach is also presented 
for determining the shear contribution of externally bonded FRP in which more of the 
parameters shown to influence its effectiveness have been incorporated. 
Section six concludes this document, summarizing the findings of this research 




2. LITERATURE REVIEW 
2.1. GENERAL 
Before considering the behavior of externally bonded FRP systems for 
strengthening concrete girders in shear, a review of the present understanding of shear in 
reinforced concrete is warranted.  Though shear in reinforced concrete has been studied 
for more than a century, the source of shear resistance and its ultimate value are still a 
subject of much debate.  The addition of externally bonded FRP systems for shear 
strengthening adds additional complexity to the shear problem.  Thus, this section begins 
with a brief review of the current knowledge of shear resistance mechanisms for 
traditional reinforced concrete beams and the existing shear theories for reinforced 
concrete as they relate to FRP strengthening.  Then, a comprehensive review of current 
models and design guidelines proposed for predicting the shear resistance provided by 
externally bonded FRP systems is presented.  Previous experimental investigations and 
field applications are also presented to demonstrate the evolution of knowledge and 
implementation of FRP shear strengthening with externally bonded FRP.  This section 
closes by presenting some of the current knowledge on the bond behavior between 
concrete and FRP as well as anchorage systems investigated to prevent debonding issues.  
 
 
2.2. MECHANISMS OF SHEAR RESISTANCE 
The shear behavior, including failure modes, of a reinforced concrete beam 
depends on the mechanisms of shear transfer [ASCE-ACI, 1973].  The traditional 
mechanisms of shear transfer (or resistance) include the effects of concrete in the tension 
zone, concrete in the compression zone, interface shear transfer, dowel action, flexural 
reinforcement, transverse steel reinforcement, and arch action.  The extent of these 
mechanisms varies and is strongly influenced by the cross-sectional shape, reinforcement 
arrangement, material properties, and loading configuration.  With the adoption of 
externally bonded FRP for shear, an additional shear transfer mechanism must be 
considered to account for the FRP contribution to shear resistance.   
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2.2.1. Concrete in the Tension Zone.  The tensile strength of concrete is 
relatively low and often assumed negligible, but it can significantly affect the shear 
behavior of a beam [Stratford, 2000].  A typical uniaxial stress-strain response for 
concrete in tension is shown in Figure 2.1 which consists of two distinct branches [Hsu, 
1993].  Before cracking, the stress-strain response is a nearly linear ascending branch.  
After cracking, tensile stresses can still be transmitted by jamming of the rough surfaces 
of the crack so long as the crack widths are extremely small in comparison to 
irregularities on the crack surfaces.  Thus, the stress-strain response is defined by a 





Figure 2.1.  Tensile stress-strain curve of concrete [Hsu, 1993] 
 
 
The tensile strength of concrete is difficult to measure directly and thus is usually 
determined indirectly from modulus of rupture (bending) tests or split cylinder tests.  The 
tensile strength of a particular concrete is affected by a number of factors including the 
magnitude of the strain gradients, presence of restrained shrinkage stresses, and size of 
the member [Collins and Mitchel, 1997].  The tensile strength of concrete is higher for 
members with large strain gradients.  Meanwhile, the presence of restrained shrinkage 







inversely proportional to the volume of concrete subjected to tensile stresses (i.e., larger 
members will have a lower tensile strength). 
2.2.2. Concrete in the Compression Zone.  The concrete in the compression 
zone of a beam resists both axial compression and shear stresses [Stratford, 2000].  
Design procedures generally simplify the resistance of concrete in the compression zone 
by representing the axial compressive stresses with a rectangular stress block and 
imposing empirical limits on the shear stresses.   
2.2.2.1 Axial compression.  The stress-strain response of concrete in axial 
compression is nonlinear and appears to be somewhat ductile in normal strength 
concretes as shown in Figure 2.2.  The stress-strain response exhibits higher initial 
stiffness, greater linearity, and reduced ductility with increase in the concrete strength 
[Collins and Mitchell, 1997].  The compressive strength (f’c) of concrete is generally 
measured by compression tests on standard cylinders six inches in diameter and twelve 
inches high.  The somewhat ductile behavior is the result of microcracking within the 
concrete which allows for a redistribution of the stresses.  The growth of microcracks 
results in expansion in the transverse direction as the concrete subjected to compression 
reaches its peak stress value [Stratford, 2000].  Transverse confining stresses resist the 
volume dilations produced by microcracking and thus delay failure of the concrete 
despite extensive cracking.  Thus, to predict the failure of concrete under axial 
compression, it is not sufficient to consider only a uniaxial stress-state, but rather a more 
realistic triaxial stress state.   
For concrete under a triaxial compression stress state, the strength and ductility 
will exceed those of concrete under uniaxial compression as shown in Figure 2.3 
[MacGregor and Wight, 2005].  The triaxial stress-state in the compression zone of a 
beam is affected by the size and shape of the compression zone, type of concrete, 
confining reinforcement, and equilibrium of the compression zone with the remainder of 
the beam [Stratford, 2000].  The stresses in the compressive zone increase with decrease 
in the area of the compressive zone as a result of crack propagation.    Lateral pressures 
provided by confining reinforcement result in increased strength, stiffness, and ductility.  
Failure of concrete in the compression zone due to axial compression occurs where 




Figure 2.2.  Typical compressive stress-strain curves for concrete  





Figure 2.3.  Compressive stress-strain curves from triaxial compression tests on concrete  






f’c = 3600 psi 
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2.2.2.2 Shear.  The concrete in the compression zone is also subjected to shear 
stresses which develop as a result of variation in axial stress along the compression zone 
depth and variation in the compressive force-path inclination [Stratford, 2000].  
Equilibrium requires that shear stresses be present where the compression-zone axial 
force varies along the beam as shown in Figure 2.4.  The second source of shear stresses 
is the result of variation in the inclination of the compressive force-path  as shown in 
Figure 2.5 which is caused by bending stresses in the concrete teeth between shear cracks 
in the web of a beam.  The compressive force-path traces the line of action of the 
compression zone force [Stratford, 2000].  The effect of these shear stresses reduces the 
capacity of the compression zone such that the combination of shear and axial stresses 
cause failure in the critical shear span prior to sections subjected to pure flexure.  The 
shear resistance provided by the concrete in the compression zone is difficult to identify 
experimentally and has traditionally been based on empirical relationships from tests on 



























2.2.3. Interface Shear Transfer.  Interface shear transfer is the mechanism 
which describes the transmission of shear stresses across cracked concrete as the build-up 
of compressive and frictional forces along the rough crack faces.  This mechanism is 
possible due to the irregular faces created by cracks which tend to propagate through the 
cement matrix and around the stronger aggregate particles.  When these rough crack faces 
are subjected to relative shear displacements, the stronger aggregate particles are pushed 
into the weaker cement matrix and stresses are transmitted by a combination of 
compressive and shear frictional forces developing along the numerous contact points.  
These shear and normal compressive stresses are found to depend on the crack width, 
shear slip, concrete strength, and maximum aggregate size.  In high strength concretes, 
the possibility of fracture across the aggregate particles reduces the interface shear 
transfer mechanism as a result of smoother crack faces. 
2.2.4. Dowel Action.  Dowel action is the component of shear resistance 
contributed to the restraint of shear crack displacements provided by the longitudinal 
steel reinforcement.  Dowel action can consist of bending, shear, or kinking of the 
longitudinal steel reinforcement [fib-Bulletin 1, 1999].  In the case of dowel shearing, the 
concrete under the bar nearest the crack will be significantly damaged or spalling-off 











bending.  As such, its contribution to the total shear resistance is negligible.  Kinking is 
associated with large shear displacements of the crack faces and occurs when plastic 
hinges have formed at some distance from both sides of the crack.  In this case, the 
normal tensile stress in the section of bar between the plastic hinges has a component 
parallel to the crack which is the dowel force.  The dowel force exhibits a nearly linear 
relationship with respect to the shear crack displacement up to a point where the concrete 
under the bar becomes significantly damaged.  This relationship becomes nonlinear with 
gradually decreasing inclination as the concrete under the bar becomes more and more 
damaged.  Thus, the dowel capacity becomes less significant with decreasing concrete 
cover of the bar.  Longitudinal flexural stresses also reduce the dowel capacity of a bar 
since the maximum bending moment that can be developed in the plastic hinges is 
reduced.   Dowel resistance is further reduced when the crack is inclined at an angle other 
than 90º to the longitudinal axis of the bar as is the case in shear cracking of a beam.  In 
most analytical models and shear theories for reinforced concrete, the effect of dowel 
actions is neglected.  
2.2.5. Flexural Reinforcement.  The longitudinal reinforcement of a concrete 
beam must resist not only the flexural stresses resulting from bending, but also the 
longitudinal component of the diagonal compressive stresses resulting from shear as 
shown by the truss model.  This longitudinal shear component is additive to the flexural 
tensile stresses of the longitudinal reinforcement in the tensile zone but opposes the 
flexural compressive stresses in the longitudinal reinforcement of the compression zone.  
For beams subject to a constant shear forces along their length (i.e., concentrated loads), 
the longitudinal shear component is found to be equal to V cotζ as shown in Figure 2.6.  
In the case of a symmetric cross-section, this longitudinal tensile force is equally divided 
among the top and bottom longitudinal reinforcements.  This shifting of the longitudinal 
force diagram has been recognized in many codes throughout the years and is known as 
the “shift rule” [Hsu, 1993].  In the case of beams under uniform load, the shear force is 
no longer constant along the span and thus the resulting force in the longitudinal 






Figure 2.6.  Equilibrium for shear-bending interaction [Hsu, 1993] 
 
 
2.2.6. Transverse Steel Reinforcement.  Transverse steel reinforcement 
(stirrups) provides shear resistance in two ways.  The first is by bridging the shear cracks 
and restraining crack width growth to help maintain the interface shear transfer 
mechanism.  The second and more important is its role in providing tensile resistance 
across the shear crack.  In this sense, it has been traditionally viewed as a tension member 
connecting the top and bottom cords of the simplified truss model used to describe 
reinforced concrete shear behavior. 
2.2.7. Arch Action.  The shear resistance of a beam can be expressed as the 
combination of two actions which are the beam action and arch action.  If there is perfect 
bond between the concrete and longitudinal reinforcement, then the shear resistance 
would be contributed entirely to beam action in which the lever-arm between the tension 
reinforcement and compression zone remains constant while the forces vary.  The 
previously discussed mechanisms are associated with beam actions.  If the flexural 
reinforcement was not bonded, the shear must be carried entirely by arch action in which 
the forces in the tension reinforcement and compression zone are constant while the 
lever-arm between them varies.  In a reinforced concrete beam, the flexural reinforcement 
is neither perfectly bonded nor unbonded so the shear resistance is contributed to a 
combination of beam and arch actions.  Arch action differs from the other mechanisms in 
that it is not a means for transmitting shear stresses across a crack, but rather describes a 
mechanism by which stresses are transmitted to the supports by the formation of a 
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compressed arch.  In deep beams (i.e., beams with a shear span-to-depth ratio less than 2) 
a major portion of the shear is resisted by arch action.  For such arch actions to develop, a 
horizontal reaction is required at the base of the arch which is provided by the 
longitudinal reinforcement in the tension zone. 
 
 
2.3. EXISTING SHEAR THEORIES FOR REINFORCED AND/OR 
PRESTRESSED CONCRETE MEMBERS 
The many shear mechanisms for RC/PC girders interact to various extents 
resulting in a very complex behavior that is difficult to accurately model.  To this date, 
there is still much disagreement among researchers on how to properly model this 
behavior.  As a consequence, many theories have been developed for predicting the shear 
capacity of RC/PC members.  The development of these theories has evolved in response 
to inadequacies of previous theories. 
2.3.1. Kani’s Tooth Model.  In 1964, Kani [1964] suggested that the formation 
of flexural cracks transforms a reinforced concrete beam into a comb-like structure.  In 
this analogy, the uncracked concrete of the compression zone represents the backbone of 
the comb while the concrete between flexural cracks in the tension zone represent the 
teeth of the comb.  Based on this idealized comb representation, Kani suggested that the 
shear capacity of a reinforced concrete beam is contributed to the bending resistance of 
the concrete teeth and arch action in the backbone.  In this model, each concrete tooth is 
considered to function as a short vertical cantilever anchored in the compression zone and 
acted on by horizontal bond forces between the concrete and longitudinal tensile 
reinforcement.  Using general beam theory, the bending resistance of the concrete teeth is 
defined as a maximum tensile stress equal to the tensile strength of concrete.  Once the 
maximum tensile stress in a cantilevered tooth exceeds the tensile strength of concrete, 
diagonal cracking occurs and the concrete tooth is said to break off.  After all the 
concrete teeth have broken off, only the backbone remains forming a tied arch.  Under 
low shear span conditions, the capacity of the remaining arch mechanism is greater than 
that of the concrete teeth resulting in higher shear resistance.  Kani concluded that the 
shear behavior was governed by the capacity of the tied arch for low shear span-to-depth 
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ratios and by the capacity of the concrete teeth for intermediate shear span-to-depth ratios 
up to a critical shear span-to-depth ratio at which the full flexural capacity is achieved.  
2.3.2. Truss Models.  Truss models developed from the concept of visualizing a 
reinforced concrete beam as a truss made up of diagonal concrete compression struts, 
transverse steel tension ties, an upper chord provided by concrete in the compression 
zone, and lower chord consisting of the longitudinal tensile steel.  It is also sometimes 
referred to as a strut-and-tie model due to the concept of developing concrete struts to 
resist compression and steel ties to resist tension.  For these models, the beam is 
considered to resist the applied loads by the transfer of forces among the truss members.  
Based on this analogy, it is assumed that the forces in all truss members are transferred 
only at the levels of the top and bottom chords and thus no transfer of forces occurs 
between the stirrups and concrete struts in the web of the beam [Hsu, 1993].  Truss 
models can be divided into three general categories which include the 45º truss model, 
rotating (variable)-angle truss models, and fixed-angle softened truss model.   
2.3.2.1 45º truss model.  The earliest truss model was conceived by Ritter [1899] 
and Morsch [1902].  At this time they could not practically conceive a way to determine 
the inclination of the shear cracks and thus conservatively assumed the concrete struts to 
be at an angle of 45º relative to the axis of the beam.  This early model neglected the 
tensile stresses in cracked concrete and thus assumed the diagonal compression stresses 
remained at 45º after cracking.  The ACI 318 [2008] code still uses the 45º truss model 
for designing the transverse steel reinforcement with an additional empirical formulation 
to account for the concrete contribution. 
2.3.2.2 Rotating (variable)-angle truss models.  In later developments of the 
truss model, methods for determining the inclination of the concrete struts were 
conceived which allowed the strut angle to become a variable.  As such, a new breed of 
truss models were developed which take into account this variability in the strut angle 
which rotates based on the principal stresses in concrete.  The main rotating-angle truss 
models include the equilibrium (plasticity) truss model, Mohr compatibility truss model, 
and softened truss model as discussed by Hsu [1996].  In the equilibrium (plasticity) truss 
model, the equations are derived based on the two-dimensional force equilibrium 
condition and yield condition of the materials.  As such, the inclination of the concrete 
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strut depends on the ratio of the smeared steel stresses in the longitudinal and transverse 
directions.  The Mohr compatibility truss model is also based on the two-dimensional 
force equilibrium condition, but incorporates Mohr’s strain compatibility conditions 
which are not considered in the equilibrium (plasticity) truss model.  In this case, the 
inclination of the concrete struts is based on the strain compatibility conditions.  The 
softened truss model combines the two-dimensional force equilibrium and Mohr 
compatibility conditions with additional consideration for the softened constitutive 
material laws. 
2.3.2.3 Fixed-angle softened truss model.  A limitation of the rotating-angle 
truss models is that they are unable to predict the concrete contribution (Vc) to shear 
resistance.  Pang and Hsu [1996] showed that the concrete contribution could be 
accounted for by adopting a fixed angle (α2) in the softened truss model.  In this case, the 
inclination of the concrete strut is determined directly from the externally applied stresses 
and is no longer variable.  As a result, the stresses and strains in the d-r coordinates, 
which represent the direction of post-cracking principal stresses in the concrete, are 
replaced by those in the 2-1 coordinates, which represent the principal directions of the 
applied stresses on the reinforced concrete element.  Similarly, the softening coefficient 
which defines the softened constitutive laws, must also be slightly modified to account 
for the 2-1 direction.  In addition, a new constitutive law is required to relate the shear 
stress and shear strains which are introduced in the 2-1 coordinate system. 
2.3.3. Compression Field Theories.  Compression field theories adopt an 
approach similar to that used by Wagner [1929] to describe the postbuckling shear 
resistance of thin-webbed steel girders.  Wagner proposed that after buckling, the thin 
webs of steel girders would no longer resist compression and therefore the shear must be 
carried by a field of diagonal tension known as the tension field theory [Collins and 
Mitchell, 1997].  The angle of inclination of the diagonal tensile stresses was assumed to 
coincide with the angle of inclination of the principal tensile strains.  Applying a similar 
approach to reinforced concrete, the compression field theories assume that shear is 
carried by a field of diagonal compression stresses which are inclined at an angle 
coinciding with the postcracking principal compression stress.  In this since, these models 
are similar to the rotating-angle truss models.   
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There are three compression field theories in the literature, which include 
Elfgren’s compression stress field theory, Collins’ compression field theory, and Vecchio 
and Collins’ modified compression field theory [Hsu, 1996].  Elfgren’s compression field 
theory [Elfgren, 1972] is similar to the equilibrium (plasticity) truss model in that the 
angle of inclination of the compressive stress field is based on yielding of the longitudinal 
and transverse steel.  In Collins’ compression field theory [Collins, 1973], the angle of 
inclination of the compression field is based on strain compatibility and thus is similar to 
the Mohr compatibility truss model.  This model was also the first to consider a softened 
stress-strain curve for concrete based on shear tests by Vecchio and Collins [1981].  The 
modified compression field theory [Vecchio and Collins, 1986] accounts for the 
contribution of concrete tensile stresses transmitted across the cracks which were 
neglected in Collins’ original compression field theory.  The AASHTO LRFD 
Specification [2008] adopts the modified compression field theory for shear design of 
reinforced/prestressed concrete members. 
 
 
2.4. PREVIOUS ANALYTICAL STUDIES ON EXTERNALLY BONDED FRP 
SHEAR STRENGTHENING FOR CONCRETE BEAMS 
The development of analytical models for concrete beams strengthened with 
externally bonded FRP shear reinforcement has followed the precedent established for 
traditional RC and PC shear design by adopting the superposition philosophy.  As such, 
the concrete, transverse steel reinforcement, and FRP shear reinforcement are considered 
to provide independent contributions to the total shear resistance of a concrete beam.  The 
concrete and transverse steel contributions have been thoroughly investigated and are 
well documented in the literature, thus the FRP contribution has been the focus of most 
researchers of this topic.  A total of 18 analytical models for predicting the shear 
contribution of externally bonded FRP were found in the literature spanning from 1994 to 
the present.  An overview of these models is presented in chronological order in the 
following sub-sections with the corresponding analytical expressions summarized in 
Table 2.2 at the end of this section. 
2.4.1. Al-Sulaimani et al. (1994).  The earliest discovered account of an 
analytical model for externally bonded FRP shear strengthening was that of Al-Sulaimani 
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et al. [1994].  Their model considered three different strengthening configurations (i.e., 
shear strips, shear wings, and U-jackets) and proposed unique expressions for each 
strengthening scheme.  Based on experimental observations, their model assumes that the 
effectiveness of strip or wing applications are limited by debonding while U-jacket 
applications are capable of developing the full interface shear strength without 
debonding.  The shear stress distribution was assumed to be parabolic along the depth 
with maximum stresses at the ends in the case of strip and wing applications and uniform 
along the depth for U-jacket applications.  Debonding is defined by the stress state at 
which the maximum shear stress at the bottom of the strip or wing reaches the interface 
shear strength.  They proposed that the interface shear strength be taken as 508 psi, but no 
explanation was provided for the bases of this value.  The parabolic stress distribution is 
simplified by taking an average shear stress along the depth.  An average shear stress of 
174 psi for strip applications and 116 psi for wing applications was proposed based on 
experimental results from 16 small-scale RC tests.  It should also be noted that only glass 
fiber composites were investigated, so the proposed model doesn’t account for the 
difference in stiffness among the various types of FRP. 
2.4.2. Chajes et al. (1995).  The model of Chajes et al. [1995] was developed 
adopting the classical truss analogy that has been used for transverse steel reinforcement 
for years.  Their model assumes a perfect bond exists between the FRP and concrete and 
that failure of the beam is limited by failure of the concrete.  A series of 12 experimental 
test specimens were used to evaluate the average vertical strain in the FRP/concrete at 
failure.  All strengthening applications consisted of continuous sheets in a U-wrap 
configuration, however, both 90 degree and 45 degree fiber orientations were 
investigated.  An average strain value (εvcu) of 0.005 was recommended based on strain 
gage measurements.  Separate expressions were proposed for the two fiber orientations 
investigated. 
2.4.3. Malek and Saadatmanesh (1998).  Malek and Saadatmanesh [1998] 
developed a model based on the truss analogy and compression field theory.  As such, a 
variable crack inclination angle is considered.  The anisotropic behavior of the FRP is 
also considered by accounting for the stiffness and Poisson effect in the longitudinal 
(along the fibers) and transverse directions of the composite.  The computational 
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procedure is well documented by the authors and thus is not provided here.  This model 
relies on the assumption that no slip occurs between the FRP and concrete and that the 
FRP tensile strength is reached when the composite is intersected by the critical shear 
crack.  The crack inclination angle is determined by assuming equilibrium between the 
external shear force and the shear resistance provided by the FRP and steel stirrups (i.e., 
without consideration for the effects of interface shear transfer or concrete in the 
compression zone).  No experimental testing was required in the development of this 
model, however, experimental testing by Norris [1994] was used to evaluate and verify 
the accuracy of the model. 
2.4.4. Alexander and Cheng (1998).  Alexander and Cheng [1998] developed a 
model which they called the strip method.  In this model, the CFRP sheets are visualized 
as several small strips placed next to each other.  The capacity of each strip is based on 
the bond characteristics between the FRP sheets and concrete.  The bond characteristics 
are considered to be strongly dependent on the interface bond length above and below the 
shear crack.  To quantify the bond capacity, an empirical relationship between the shear 
stress in the concrete substrate and interface bond length was developed from a series of 
small-scale bond tests.  The bond tests consisted of two concrete blocks bridged by a strip 
of FRP which were pushed apart by a hydraulic jack to put the FRP sheet in direct 
tension up to failure.  The test results were found to be best fit by a third degree 
polynomial curve which was approximated by a tri-linear curve for simplicity.   
If the inclination of the shear crack is known, the interface bond length of each 
strip can be found from geometric relationships and then the shear strength curve is used 
to determine the capacity of each strip.  Each FRP strip is assumed to carry a portion of 
the total load carried by the CFRP sheets.  To quantify the portion of load taken by each 
strip, it is assumed that the strains across a shear crack increase linearly from the bottom 
of the crack to the top.  Thus the strip closes to the bottom of the shear crack experiences 
the smallest straining while the strip closest to the top of the shear crack experiences the 
highest strains.  The load applied to the member will continue to increase until the most 
highly strained strip (i.e., the strip closest to the top of the shear crack) reaches its 
capacity.  At this point, the strip is assumed to no longer carry any load so the total load 
must be redistributed among the remaining strips.  This pattern continues until the 
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remaining strips are no longer able to carry the applied load, at which point failure of the 
beam is assumed.  As such, this model requires an iterative procedure.  The down side to 
this model is that the shear strength curve was developed for CFRP strips bonded to 
concrete of a particular strength.  Thus the shear strength curve should be refined to 
consider all types of FRP and various concrete strengths. 
2.4.5. Triantafillou (1998).  Triantafillou [1998a] was the first to propose that the 
FRP contribution be based on the determination of an effective FRP strain.  He was also 
the first to recognize the importance of the bond development length and bond conditions 
at the FRP/concrete interface.  He proposed an expression for the effective strain as a 
function of the FRP axial rigidity (ρfEf) based on regression analysis of 40 experimental 
data from the literature.  He found that both FRP debonding and rupture failure modes 
could be fitted with reasonable accuracy by a single curve.  His model adopted the truss 
analogy with the shear contribution of the FRP limited by the effective strain that can be 
sustained by the FRP.  Triantafillou also demonstrated that the FRP contribution 
increases almost linearly with increase in the FRP axial rigidity reaching a maximum at 
approximately 0.4 GPa. 
2.4.6. Khalifa et al. (1998).  Khalifa et al. [1998] proposed a modification to 
Triantafillou’s model [1998a] to account for the differences in strength among the various 
types of FRP that could be used.  To account for such differences, they performed a 
regression analysis of the current experimental data considering a ratio of the effective 
strain to ultimate strain (εfe/εfu) of the FRP material as a function of the FRP axial rigidity 
(ρfEf).  They proposed two expressions for the effective strain-to-ultimate strain ratio (R) 
to account for FRP rupture and debonding failure modes independently.  The effective 
stress in the FRP reinforcement is suggested to be limited by the lowest R-value.  They 
also suggested that an upper limit of 0.5 be placed on the R-value to prevent loss of the 
interface shear transfer mechanism in concrete due to excessive crack widths.  The R-
value corresponding to the debonding failure mode adopts the effective bond length and 
average bond stress concepts developed by Maeda et al. [1997].  An expression for the 
effective FRP width (wfe) was also developed to recognize that only those portions of 
FRP extending past the crack by an amount greater or equal to the effective bond length 
will be capable of resisting shear.  The proposed effective FRP width is a function of the 
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strengthening scheme (U-wrap versus side bonding) and shear crack angle which is 
assumed to be 45 degrees.  The authors recognized the importance of preventing the 
formation of a shear crack that isn’t intercepted by an FRP strip and thus suggested a 
maximum FRP strip spacing limitation.  They also proposed a limitation on the total 
shear resistance provided by the combination of FRP and steel stirrups to prevent 
concrete crushing failure modes in the web. 
2.4.7. Hutchinson and Rizkalla (1999).  Hutchinson and Rizkalla [1999] 
developed the first and only model to consider prestressed concrete members.  The model 
was calibrated from the experimental results of seven 1-to-3.5 scale pretensioned 
AASHTO bridge girders as well as a series of rectangular and single-flanged bond 
specimen tests.  Parameters of interest were the influence of surface preparation, concrete 
surface configuration (cross-sectional shape), crack orientation, and load-sharing 
characteristics with embedded steel stirrups.  The single-flanged specimens were 
designed to replicate the lower flange of an AASHTO I-shaped girder which tends to 
develop outward peeling forces in the concrete substrate as a result of having tensile 
forces in two different directions.  Failure of the I-shaped sections was generally 
governed by straightening of the FRP strips at the lower flange of the cross-section.   
The model assumes the FRP strain distribution to consist of a constant maximum 
strain extending from the bottom of the effective depth for a distance d/2 and then 
linearly decreasing to zero at the top of the effective depth.  This assumption is based on 
strain measurements taken along the depth of the FRP strips for the test beams prior to 
failure.  The maximum FRP strain is derived from shear bond tests performed by Maeda 
et al. [1997].  The assumed FRP strain distribution was used to derive an expression for 
the average strain in an FRP strip.  This average strain was paired with the traditional 
truss analogy to derive an expression for the FRP shear contribution.  In addition, 
Hutchinson and Rizkalla [1999] were the first to consider the interaction between the 
embedded steel reinforcement and externally bonded FRP.  They noted that for I-shaped 
sections, failure due to straightening of the FRP strips at the lower flange occurred prior 
to yielding of the steel stirrups.  Based on this observation, they also developed an 
empirical relationship for determining the strain in the steel stirrups corresponding with 
failure of the FRP.  This relationship was developed considering a ratio of the average 
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vertical strains measured in the FRP to the average strains measured in the steel stirrups.  
A value of 1.5 was suggested by the authors based on the experimental results. 
2.4.8. Triantafillou and Antonopoulos (2000).  Triantafillou and Antonopoulos 
[2000] proposed an updated version of Triantafillou’s [1998a] model.  The new model 
accounts for the difference in behavior between FRP debonding and rupture, the nature of 
FRP rupture (i.e., whether it occurs simultaneously or after the peak shear capacity is 
reached), and the influence of concrete strength on debonding.  Over 75 experimental test 
data were used in the regression of suitable effective strain expressions.  These data were 
divided into groups based on type of FRP material used (i.e., CFRP, GFRP, or AFRP) 
and failure mode (i.e., FRP debonding or shear-tension failure combined with or followed 
by FRP rupture).  The influence of the concrete strength on debonding was accounted for 
by including the concrete compressive strength as a variable, in addition to the FRP axial 
rigidity, in the regression of the effective strain expressions.  The concrete compressive 
strength is raised to the 2/3 power to reflect the concrete tensile strength (Eurocode 
format) and its effect on the development length of the FRP.  The authors also suggested 
an upper limit (εmax = 0.005) be placed on the effective strain in the FRP to prevent loss 
of the interface shear transfer mechanism in concrete.  An upper limit was proposed for 
the FRP axial rigidity to exclude FRP debonding failure modes which result in only 
marginal increases in the shear capacity of a member.  This limit, however, does not 
apply if proper mechanical anchorage or full wrapping of the section are used.  The 
authors also proposed an upper limit on the FRP strip spacing to ensure that no shear 
cracks could form without being intercepted by at least one FRP strip.  It should also be 
noted that this model was used as the basis for the European standards for FRP 
strengthening [fib-TG 9.3, 2001]. 
2.4.9. Khalifa and Nanni (2000).  Khalifa and Nanni [2000] proposed a revision 
to the original model by Khalifa et al. [1998].  The revision concerned the R-value 
corresponding to the debonding failure mode.  To calibrate the new R-value, six 
experimental tests were conducted by the authors to investigate the influence of CFRP 
distribution (i.e., continuous sheets versus discrete strips), wrapping scheme (i.e., side 
bonding versus U-wrapping), fiber direction (i.e., 90º/0º versus only 90º), and end 
anchorage.  The authors also recommended that a new effective bond length expression 
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developed by Miller [1999] be used with the model in place of the former expression by 
Meada et al. [1997].  The previous limit on the R-value established to maintain the 
interface shear transfer mechanism was also revised to account for the various types of 
FRP used.  This new limit was intended to restrict the maximum effective strain to 0.004 
for all FRP types. 
2.4.10. Deniaud and Cheng (2001).  Deniaud and Cheng [2001] proposed a 
model which combines the strip method [Alexander and Cheng, 1998] and shear friction 
method of ACI 318 [2008].  Following the strip method analogy, the capacity of each 
FRP strip crossing the shear crack is evaluated based on an interface shear strength curve.  
In addition to the interface bond length above and below the crack, additional 
consideration is given to the anchorage conditions at the end of the strips.  The initial 
assumption that the load was linearly distributed among the FRP strips was also revised 
based on experimental test results which showed a more uniform distribution.  Thus the 
same strain level is applied to all FRP strips crossing the crack and the sequence of 
debonding is governed by the interface bond length of each strip.  As such, failure of the 
strips is expected to begin with the strip closest to the top of the shear crack and progress 
towards the strips near the bottom of the crack based on increasing interface bond length.  
In their model, a maximum strain (εmax) and ratio of the remaining bonded length over 
total length (RL) are defined at the point where the total load carried by the remaining 
FRP strips reaches a maximum.  The ratio RL reflects the loss in FRP contribution with 
failure of each strip.   
While the FRP contribution is described by the strip method, its combination with 
the shear friction method provides an expression for the total shear resistance including 
the interaction between concrete, steel stirrups, and FRP.  Based on suggestions from 
Tozser and Loov [1999], an approximation for the effective section participating in shear 
friction for T and I-shaped sections was adopted.  Because the shear crack angle is not 
known, this procedure requires the evaluation of all potential shear crack paths to find the 
one which provides the limiting shear capacity. However, εmax and RL are independent of 
the shear crack angle.  In 2004, Deniaud and Cheng [2004] proposed a new interface 
bond strength curve based on simple shear tests conducted by Alexander and Cheng 
[1997] and Kamel et al. [2000].  Using a specially formulated computer program, they 
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were also able to generate data from a parametric study which was used to derive more 
simplified empirical expressions for εmax and RL.  In these expressions they adopted the 
formulation proposed by Maeda et al. [1997] for calculating the effective bond length.  
To eliminate the need for an iterative calculation process, they also proposed a 
continuous design equation for the total shear resistance.  Similar to Khalifa et al. [1998], 
they also proposed a limitation on the FRP strip spacing to avoid the case that a shear 
crack develops without crossing any FRP strips. 
2.4.11. Chaallal et al. (2002).  Chaallal et al. [2002] proposed a model focused 
on the FRP shear contribution under low shear span conditions (i.e., low shear span-to-
depth ratio).  Beams with low shear span-to-depth ratios are often referred to as deep 
beams and they resist shear forces primarily through arch action resulting in a higher 
concrete contribution to the shear resistance.  To account for the effects of low shear span 
conditions, the authors proposed a deep beam geometry coefficient, similar to that 
proposed by ACI 318 [1999], to be applied in combination with the truss analogy.  The 
deep beam geometry coefficient was developed from a regression of test data for 14 half-
scale RC T-girders tested under a shear span-to-depth ratio of 2.  Their model also 
considered a relationship between the embedded transverse steel reinforcement and 
externally bonded FRP reinforcement.  They suggested that the maximum gain in shear 
resistance is achieved by an optimum amount of FRP shear reinforcement which is 
dependent on the transverse steel reinforcement ratio.  To incorporate this relationship, 
they proposed an empirical expression for the effective strain which is a function of the 
total shear reinforcement ratio (i.e., steel stirrups and FRP). 
2.4.12. Pellegrino and Modena (2002).  Pellegrino and Modena [2002] proposed 
a modification to the model developed by Khalifa et al. [1998] to introduce the 
interaction between the embedded steel stirrups and externally bonded FRP 
reinforcements.  They recognized that a beam without steel stirrups tended to form one 
primary shear crack while a beam with steel stirrups tended to develop a region 
consisting of multiple shear cracks.  This difference in crack patterns strongly influences 
the FRP bond characteristics since the development length of the FRP is disrupted by 
each crack that crosses the FRP reinforcement.  The authors proposed a reduction factor 
(R
*
) be applied to the R-value for debonding failure modes to account for the influence of 
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the embedded steel stirrups on cracking patterns and the resulting effect on FRP bond.  
To incorporate this interaction, the reduction factor was considered to be a function of the 
ratio between the axial rigidity of the steel stirrups and that of the FRP shear 
reinforcement.  The new reduction factor was developed from curve-fitting of 11 
experimental test results on beams with and without steel stirrups, as well as test results 
from Challal et al. [1998] and Modena et al. [1999].  Since the focus of this study was on 
debonding failure modes, only side bonding FRP applications were considered in the 
development of the reduction factor.  The procedure and expressions for determining the 
FRP contribution follows the model proposed by Khalifa et al. [1998] with the reduction 
factor (R
*
) merely proposed as a coefficient to be applied to the R-value of the bond 
mechanism.  
2.4.13. Hsu et al. (2003).  Hsu et al. [2003] developed a model adopting a similar 
approach to Khalifa et al. [1998] by developing an R-value representing the ratio of the 
effective strain to ultimate strain of the FRP material.  Their model proposes two 
expressions for the R-value which recognize the dominate role of the concrete 
compressive strength on the direct shear behavior of the FRP.  The first expression is 
based on curve-fitting of experimental data for FRP rupture failure modes with respect to 
the ratio of FRP axial rigidity to concrete compressive strength.  A second expression 
addresses the debonding mechanism, which assumes a triangular stress distribution along 
the effective bond length and a maximum stress given by an empirically derived 
expression for the direct shear strength.  The direct shear strength is empirically derived 
as a function of the concrete compressive strength, however, no guidance is given for 
determining the effective bond length.  In a 2005 paper, [Zhang and Hsu, 2005] an 
approximate estimate of 75 mm was suggested for the effective bond length until further 
research could be done.  The FRP contribution is expressed using the truss analogy with 
the effective strain limited by the lower of the two R-values.  The authors demonstrated 
that better correlation is achieved for FRP rupture failure modes when the concrete 
compressive strength is considered in addition to the FRP axial rigidity.  They pointed 
out that similar expressions by Khalifa et al. [1998] were derived from data including 
both FRP rupture and debonding failure modes.  The authors also demonstrated that FRP 
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rupture failures occurred for FRP axial rigidities less than 0.55 GPa while debonding 
failures prevailed for FRP axial rigidities greater than 0.55 GPa. 
2.4.14. Chen and Teng (2003).  Chen and Teng [2003a and b] developed a model 
considering the effective stress distribution along externally bonded FRP systems.  Their 
model recognizes that the stress distribution in the FRP is not uniform along a shear crack 
due to: (1) variations in crack width along the length of a shear crack, (2) the elastic-
brittle nature of FRP materials, and (3) the complex bond behavior between concrete and 
FRP.  The model adopts the truss analogy for determining the FRP shear contribution 
based on an effective stress in the FRP.  To account for the non-uniform stress 
distribution in the FRP, the authors proposed that the effective stress in the FRP be 
defined by the maximum stress in the FRP and a stress distribution factor.  The stress 
distribution factor is meant to reflect the fact that the effective stress along the FRP at 
failure is merely a fraction of the maximum stress in the FRP.  In the development of 
expressions for determining the effective stress, FRP debonding and FRP rupture failure 
modes were addressed separately.  For the debonding limit state, experimental results 
from simple shear tests were used to derive empirical expressions for the maximum stress 
(ζfrp, max) and stress distribution factor (Dfrp).  The expression for the maximum stress 
takes into consideration the stiffness of the FRP (Ef), concrete strength (f’c), thickness of 
the FRP (tf), bond conditions (Le and wf), and strip spacing (sf).  This stress is expected to 
occur where the longest bond length is available (i.e., at the lower end of the shear crack 
for U-wrap configurations and at mid-height for side bonding configurations) and is 
limited by the ultimate tensile strength of the FRP (ffu).   
For the FRP rupture limit state, measurements of the stress distribution are limited 
since they are difficult to obtain and were not recognized in former studies.  As such, the 
authors proposed a normalized strain distribution model which could vary in shape from 
parabolic with maximum strain at mid-height to linear.  With a lack of sufficient 
experimental data, the authors suggest a linear strain distribution based on the 
assumptions that: (1) partial debonding will occur prior to failure by FRP rupture and 
thus the strain in the FRP is approximately proportional to the shear crack width and (2) 
the shear crack width can be approximated by a linear function that has a zero value at 
the crack tip near the top of the member and maximum value at the bottom of the 
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member.  The strain distribution factor (Dfrp) is derived as the ratio of the average strain 
to maximum strain along the effective depth of the FRP.  In the development of this 
model, the effective depth of the FRP is defined by an upper boundary which is 0.1d 
below the actual upper edge of the FRP and a lower boundary which is (h - d) above the 
actual lower edge of the FRP.  The shear crack angle is assumed to be 45 degrees.  The 
authors suggest that complete wrapping applications need only to be analyzed 
considering the FRP rupture limit state while side bonding applications require only 
consideration for the FRP debonding limit state.  It is further suggested that U-wrapping 
applications be analyzed considering both limit states and adopting the lower strength 
prediction.  An FRP strip spacing limitation (see Table 2.2) was also proposed to ensure 
that the shear crack is intersected by a sufficient number of FRP strips. 
2.4.15. Carolin and Taljsten (2005).  Carolin and Taljsten [2005b] also 
developed a model considering the non-uniformity of the strain distribution in the FRP.  
The model also adopts the truss analogy, but accounts for the non-uniform strain 
distribution in the FRP by incorporating a fiber utilization factor (ε).  The fiber utilization 
factor represents the ratio of the average strain in the fibers along the height of the cross-
section to the maximum strain in the FRP.  The authors suggest that the strain distribution 
in the FRP be derived from engineering mechanics considering the loading conditions 
and fiber orientation.  The average strain can then be determined by integrating the strain 
distribution over the height.  The fiber utilization factor is to be multiplied by the 
maximum or critical strain (εcr) to determine the effective strain in the FRP.  The critical 
strain is taken as the smaller of: (1) the ultimate allowable fiber strain (εfu), (2) the 
maximum allowable strain to prevent bond failure (εbond), or (3) the maximum allowable 
strain to prevent loss of the concrete contribution (εc max).  The maximum strain values 
corresponding to loss of the concrete contribution (εc max) and bond failure (εbond) can be 
determined from ACI 440.2R-08 [2008] equations 11-6(a) and 11-6(b) respectively, in 
the case more accurate values are not available.   
The sensitivity of the fiber utilization factor was analyzed by the authors 
considering three different material models.  The first model considered a reinforced 
concrete member having equal stiffness for tension and compression in all directions.  
Such model, though unrealistic, is considered to demonstrate the extreme limit of the 
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material model.  The second model represents a cracked reinforced concrete element with 
different stiffness in tension and compression depending on the reinforcement ratio and 
loading configuration.  The third model considers a reinforced concrete element subjected 
to high shear and low flexural stresses in which flexural cracking will not be present.  
From this analysis, a fiber orientation of 90 degrees was found to yield a fiber utilization 
factor of 0.67 regardless of the material model considered.  For a fiber orientation of 45 
degrees, material model 1 was found to provide extreme lower bound values for the fiber 
utilization factor while material models 2 and 3 provide similar values.  The fiber 
utilization factors for these conditions are summarized in Table 2.1.  The authors suggest 
that improvements to the model can be obtained from further research into: (1) the effects 
of aggregate size and amount of reinforcement on the maximum allowable concrete 
strain, (2) bond characteristics and limitations on strain due to anchorage, and (3) 
methods of estimating crack risk and crack widths.  
 
 




Fiber direction 45 
material models Fiber direction 90 
1 2 3 
-2/-1 0.27 0.59 0.52 0.67 
-1/0 0.44 0.64 0.62 0.67 
0/0 0.67 0.67 0.67 0.67 
0/1 0.44 0.64 0.62 0.67 
0/2 0.40 0.61 0.57 0.67 
0.4/1.25 0.48 0.64 0.64 0.67 
1/1 0.36 0.67 0.68 0.67 
1/2 0.40 0.64 0.62 0.67 
2/3 0.33 0.64 0.56 0.67 
-1/1 0.30 0.61 0.56 0.67 
 
 
2.4.16. Cao et al. (2005).  Cao et al. [2005] adopted the model proposed by Chen 
and Teng [2003a] for the debonding limit state and modified it to include the influence of 
the shear span-to-depth ratio on the FRP contribution.  Only the debonding limit state 
was considered base on the justification that some level of debonding will always precede 
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FRP rupture and that loss of the interface shear transfer mechanism is expected to occur 
prior to FRP rupture.  An experimental program consisting of 18 beams was conducted to 
investigate shear span-to-depth ratios (λ) ranging from 1.4 to 3.0 and FRP reinforcement 
indices (ωfrp = 2AfEf/(bwsfEc)) ranging from 0.09 to 1.1%.  All specimens were pre-
cracked then strengthened with discrete strips of FRP using a complete wrapping 
application.  Strain gages were placed along the effective height of the FRP to measure 
the strain distribution at various load stages.  A strain distribution factor was expressed as 
the ratio of the average strain to maximum strain in the FRP.   
Beams with small shear span-to-depth ratios were observed to fail in diagonal 
compression producing a fairly uniform crack width and corresponding uniform FRP 
stress distribution.  Beams with larger shear span-to-depth ratios were observed to fail 
along flexural-shear cracks which tend to be wider at the bottom of the beam where the 
crack first started, thus creating a non-uniform strain distribution in the FRP.  As such, a 
decreasing trend in the strain distribution factor was observed with increase in the shear 
span-to-depth ratio.  Based on curve fitting of the experimental results, a linear term (1.2 
- 0.1λ) was added to the original strain distribution factor of Chen and Teng [2003a] to 
reflect the influence of the shear span-to-depth ratio.  The experimental results also 
showed a strong correlation between the shear span-to-depth ratio (λ) and the shear crack 
angle (ζ).  It was suggested by the authors that the strain distribution factor be divided by 
tanθ to reflect the effects of the shear span-to-depth ratio on the crack angle.  Alternative 
expressions, summarized in Table 2.2, were suggested by the authors as simplified 
approximations to reasonably account for the shear span-to-depth ratio influence on both 
the strain distribution and shear crack angle.  The authors also suggested that βL from the 
maximum FRP strain expression (εfrp,max) of Chen and Teng [2003a] be taken as 1.0 to 
reflect that FRP wrapped around a corner of the beam can help delay complete debonding 
even if the bond length is less than the effective bond length.   
2.4.17. Monti and Liotta (2005).  Monti and Liotta [2005] developed a model 
which describes the FRP stress distribution along a shear crack using closed-form 
equations rather than regression-based formulas.  The model is based on defining a 
generalized constitutive law for FRP layers bonded to concrete by identifying appropriate 
boundary conditions and compatibility conditions along the shear crack opening.  In the 
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development of this model, it is assumed that a number of evenly spaced shear cracks 
develop at an angle θ with depth equal to the internal lever arm (z = 0.9d) at the ultimate 
limit state.  It is further assumed that the shear resistance mechanism is described by the 
Morsch truss theory in the case of U-wrap and complete wrap strengthening schemes 
while a crack-bridging mechanism is considered to develop in the case of side bonding 
applications.  As such, only two failure criteria are considered which include straight 
strips/sheets and straight strips/sheets wrapped around a corner.  In the case of straight 
strip/sheet configurations, the stress in the FRP is considered to be a function of the 
effective bond length and debonding strength.  For FRP strips/sheets wrapped around a 
corner, the stress in the FRP is considered to be a fraction of its ultimate strength which 
was found to be limited by the corner radius and beam width.  In order to provide a 
closed-form solution, the crack width is assumed to be a linear function when considering 
compatibility conditions.  Meanwhile, the boundary conditions depend on the available 
bond length provided by the strengthening scheme adopted. 
2.4.18. Sim et al. (2005).  Sim et al. [2005] proposed a model adopting the plastic 
limit theory developed by Nielson and Braestrup [1975].  An expression for the FRP 
contribution was developed from an upper bound solution technique.  The model assumes 
an idealized failure mechanism in which a plastic hinge is formed at midspan and rigid 
body rotation occurs between the supports and plastic hinge.  Equilibrium is satisfied by 
applying energy conservation theory.  The first term of the total shear resistance 
represents the work done by the stirrups and FRP while the second term represents the 
work done by the concrete.  A strength efficiency factor (α) is applied to the FRP 
contribution to reflect that the full strength cannot be utilized.  This factor is suggested to 
depend on the strengthening application, bond between the concrete and strengthening 
material, and physical characteristics of the FRP.  Efficiency factors for CFRP, CFS, and 
GFRP were empirically determined based on a series of 10 experimental tests.  The 
concrete compressive strength (f’c) is reduced by a constant (ν) to avoid web crushing 
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Once the load carried by the highest strained strip exceeds Px, the strip is considered 
to have debonded and is no longer effective.  Thus the number of effective strips is 
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Table 2.2.  Summary of analytical model expressions (cont.) 
Khalifa et al. 
(1998) 
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Table 2.2.  Summary of analytical model expressions (cont.) 
Hsu et al. 
(2003) 
Zhang and Hsu 
(2005) 
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Table 2.2.  Summary of analytical model expressions (cont.) 
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Table 2.2.  Summary of analytical model expressions (cont.) 
Sim et al. 
(2005) 
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2.5. CURRENT DESIGN CODES, GUIDELINES, AND SPECIFICATIONS 
Design procedures for shear strengthening of concrete structures with externally 
bonded FRP have already been drafted in a number of the design codes, guidelines, and 
specifications provided by various countries.  These documents are introduced briefly in 
this section along with the core design equations as summarized in Table 2.3. 
2.5.1. American Concrete Institute (ACI) 440.2R-08.  ACI 440.2R-08 - Guide 
for the Design and Construction of Externally Bonded FRP Systems for Strengthening 
Concrete Structures [2008] is the most thorough and complete document to date and is 
developed based on ACI 318 [2008].  This document provides a procedure for 
determining the shear contribution of FRP shear reinforcement based on failure modes.  
The FRP shear contribution is limited by an effective strain which establishes the 
maximum strain that can be achieved in the FRP as governed by the FRP rupture or 
debonding failure modes.  When complete wrapping is used, FRP rupture is the 
prescribed mode of failure and the effective strain in the FRP laminate is limited to 0.4% 
to preclude the loss of interface shear transfer in concrete (empirically based on the work 
of Priestley et al. [1996]) or 75% of the ultimate strain of the FRP.  For U-wrap and side 
bonding applications, both FRP debonding and rupture are potential failure modes.  Thus, 
it is recommended to investigate the shear contribution of FRP based on both failure 
modes and use the lesser of the two.  For FRP debonding failure, the effective strain is 
limited by a bond-reduction coefficient which is based on the work of Khalifa et al. 
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[1998] or 0.4% to preclude the loss of interface shear transfer in concrete.  Reinforcement 
limits are also proposed on the total shear reinforcement provided by the combination of 
externally bonded FRP and internal steel stirrups to prevent web crushing failures. 
2.5.2. Canadian CAN/CSA S806-02.  The CAN/CSA S806-02 Canadian 
Building Code [2002] is a formalized design code addressing externally bonded FRP 
reinforcement for concrete.  The equations of this document are based on the simplified 
method used in the CSA A23.3-94 [1994] concrete design code.  However, the next 
edition of CSA S806 is expected to reflect the method described in the 2004 edition of 
CSA A23.3 [2004].  The simplified method used in CSA A23.3-94 [1994] is restricted to 
the usual cases where the shear reinforcement including FRP is perpendicular to the 
longitudinal axis of the beam.  The shear contribution of FRP is determined based on 
failure modes.  For failure due to FRP rupture, the strain in FRP is limited to 0.4% similar 
to that specified in ACI 440.2R-08 [2008].  In the case of bond critical applications the 
strain in FRP is limited to 0.2%. 
2.5.3. Canadian CAN/CSA S6-06.  The CSA S6-06 Canadian Bridge Code 
[2006] also deals with the shear strengthening of concrete with externally-bonded FRP.  
This document specifies that the FRP shear strengthening system should consist of U-
wraps anchored in the compression zone or complete wrapping of the cross-section.  The 
equations specified in the codes are identical to the ones in ACI 440.2R-08 [2002]. 
2.5.4. European fib-TG 9.3 Bulletin 14.  European fib-Bulletin 14 [fib-TG9.3, 
2001] provides design procedures for calculating the FRP contribution to shear capacity 
based on the model proposed by Triantafillou and Antonopulos [2000].  This document 
was produced by fib Task Group 9.3 and represents a combination of guidelines and 
state-of-the-art reports.  The fib-Bulletin 14 recognizes the difference in expected 
performance not only between FRP material types, but also between preformed and wet 
lay-up FRP systems.  This difference is expressed in the form of various material safety 
factors.  Delamination and debonding are extensively addressed using a simplified 
bilinear bond model and considering the effects of the loss of composite action between 
the FRP and concrete substrate.  Durability is discussed, but no clear design guidelines 
are provided to address this issue. 
  
43 
2.5.5. Japanese JSCE Recommendations.  Japanese Recommendations for 
Upgrading Concrete Structures with Continuous Fiber Sheets [JSCE, 2001] provides a 
performance-based approach to the design of externally bonded FRP materials.  In 
addition to verifying flexural and shear capacity, flexural crack width and protection of 
the concrete substrate from chloride ion penetration are also considered explicitly. 
2.5.6. ISIS Design Manual 4.  ISIS Design Manual 4 – Strengthening Reinforced 
Concrete Structures with Externally Bonded FRP [2001] provides considerable guidance 
and a number of design examples for the use of externally bonded FRP based on CSA 
S6-06 [2006] and CSA S806-02 [2002]. 
2.5.7. Great Britian Technical Report 55.  Great Britian Technical Report 55 
[Concrete Society, 2004] is similar to fib Bulletin 14 [fib-TG9.3, 2001] in its approach 
and scope; however, it addresses more practical construction issues associated with the 
use of externally bonded FRP materials.  Externally bonded FRP strips are treated using a 
45º truss analogy similar to other codes and guidelines.  The strain in the FRP is limited 
to half of the ultimate design strain for FRP rupture failure.  For debonding failure, this 
report adopted an equation proposed by Neubauer and Rostasy [1997].  In all cases, 
however, the strain is limited to 0.4%. 
2.5.8. CNR-DT 200/2004.  The Italian National Research Concil [CNR-DT 
200/2004, 2004] adopts the analytical model of Monti and Liotta [2005] for calculation of 
the externally bonded FRP contribution to shear resistance.  This model was presented in 
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2.6. PREVIOUS EXPERIMENTAL INVESTIGATIONS 
This section provides a review of all papers related to reported experimental 
investigations on shear strengthening with externally bonded FRP.  Over 50 papers and 
reports were collected and studied which encompass more than 500 tests carried out 
between 1992 and 2009.  The review is presented paper by paper in a chronological 
order, allowing thereby the reader to understand the development of the findings in this 
research effort, as well as the issues involved as research in this field has evolved.  For 
each paper the review provides information on the objectives, methodology, experimental 
program, and FRP application.  Each review is presented in the units of the original 
paper.  In addition, whenever necessary, the review provides comments or comparisons 
with other studies in order to put the results in perspective.  
2.6.1. Berset (1992).  The first study of shear strengthening with FRP was carried 
out by Berset [1992].  Through a series of tests, he examined the shear behavior of 
reinforced concrete beams retrofitted with GFRP composite.  Six rectangular beams with 
dimensions 102 mm  114 mm  600 mm were tested in which the thickness of the 
GFRP composite and effect of the transverse steel were the parameters of interest.  The 
GFRP composite fabric was bonded to the beam sides at an angle of 45.  The GFRP 
strengthened beams with no transverse steel reinforcement failed in shear as a result of 
debonding of the GFRP composite.  The shear gain was found to be a function of the FRP 
thickness with increases in shear capacity ranging from 33% to 66%.  By contrast, the 
beams containing transverse steel reinforcement failed in flexure.  The model used by the 
author to quantify the FRP contribution to shear resistance is based on the truss analogy.  
The maximum FRP strain, which is an important variable in the model, is drawn from 
these tests.  This investigation, recognized by the author as exploratory, showed that the 
FRP retrofit technique could provide an enhancement of shear resistance.  In conclusion, 
the author drew attention to the scale effect, particularly for small specimens such as the 
ones considered in this study. 
2.6.2. Uji (1992).  Uji [1992] tested eight rectangular concrete beams with 
dimensions of 100 mm  200 mm  1300 mm, strengthened with CFRP composites.  The 
parameters of interest were the strengthening scheme (i.e., wrapped versus bonded on the 
sides) and the effect of transverse steel (i.e., with and without transverse steel 
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reinforcement).  The shear ratio (a/d) was fixed at 2.5.  The predominant failure mode of 
the test beams was by debonding of the composite.  The latter never reached more than 
30% to 50% of its ultimate resistance.  The author observed that the FRP strains were 
greater than those of transverse steel and therefore concluded that the shear capacity is 
governed by the bonding mechanism at the concrete-FRP interface. 
2.6.3. Al-Sulaimani et al. (1994).  Al Sulaimani et al. [1994] investigated the 
behavior of concrete beams that were pre-cracked before being retrofitted in shear with 
GFRP.  Two series of tests were performed, one series with and the other without 
additional strengthening with GFRP in flexure.  Each series included eight rectangular 
beams with dimensions of 150 mm  150 mm  1250 mm.  Strengthening configurations 
consisted of either strips or continuous fabric which were either bonded on the sides or 
wrapped in a U-configuration.  It was observed that the beams retrofitted with GFRP 
strips or continuous GFRP fabric without additional strengthening in flexure failed by 
debonding.  The remaining specimens failed in flexure.  The cracks development 
followed the same crack patterns initiated during the pre-cracking phase.  To evaluate the 
contribution of the composite, the authors considered the average shear stress at the 
concrete-FRP interface, which was determined to be 1.2 MPa in the case of strips and 0.8 
MPa in the case of continuous fabric.  The authors concluded that the U-shaped wrap is 
more effective in preventing debonding. 
2.6.4. Chajes et al. (1995).  Chajes et al. [1995] tested twelve T-section beams of 
dimensions 63 mm  190 mm  1220 mm with no transverse steel reinforcement.  Three 
types of FRP (glass, aramid, and carbon) were considered.  The FRP fabric was wrapped 
around the web in a U shape over the entire beam length, at two different angles (0 and 
90) with respect to the longitudinal axis.  In the case of CFRP, two more wrap angles 
(45 and 135) were also investigated.  The specimens were subjected to four-point loads 
with a shear span-to-depth ratio (a/d) of 2.7.  All the specimens failed in shear and no 
debonding of the FRP was observed in any of the specimens.  Increases in shear capacity 
between 60% and 150% were obtained and the average strain measured at failure was 
approximately 0.005.  The latter observation was used by the authors to evaluate the 
contribution of FRP to shear resistance.  No distinction was made between the different 
types of FRP fibers or their orientations. 
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2.6.5. Sato et al. (1996).  Sato et al. [1996] carried out a series of tests on ten 
rectangular concrete beams of dimensions 200 mm  300 mm  2200 mm, retrofitted in 
shear with CFRP.  The parameters of interest were the influence of the FRP strengthening 
scheme (i.e., bonded on the sides versus wrapped in a U-pattern and FRP strips versus 
continuous fabric) and the influence of the transverse steel reinforcement.  The test 
results indicated that the specimens with no transverse steel reinforcement failed by 
debonding of FRP.  They also indicated that the gain in resistance due to U-wrapping of 
FRP is 60% greater compared to FRP bonded only to the sides.  The author refers to the 
bonding mechanism at the concrete-FRP interface to describe the failure mode by 
debonding. 
2.6.6. Miyauchi et al. (1997).  Miyauchi et al. [1997] presented the results of 
tests performed on a series of seventeen beams strengthened in shear with CFRP.  The 
specimens had a rectangular section of 125 mm  200 mm and a span between supports 
of 1400 mm.  The experimental program considered the strengthening scheme (i.e., 
CFRP strips with three different spacings versus continuous fabric with one or two 
layers), the FRP ratio, the content ratio of the transverse steel reinforcement, and the 
shear span-to-depth ratio which varied between 1.0 and 3.0.  On the basis of these tests, 
the authors concluded that the rate of increase in the strain on CFRP was greater than that 
of the strain on steel and proposed a relation which describes the observed interaction.  
To calculate the contribution of FRP to shear resistance, they adopted the truss analogy 
by applying a reduction factor of 0.507 to the ultimate FRP stress.  It should be noted that 
only three of the FRP-retrofitted specimens without transverse steel failed in shear.  The 
remaining specimens failed in flexure.  Yet the authors developed their calculations on 
the basis of these latter specimens, which does not appear clearly justified. 
2.6.7. Taerwe et al. (1997).  Taerwe et al. [1997] presented results of tests 
conducted on a series of seven rectangular concrete beams with dimensions of 200 mm  
450 mm  4000 mm, strengthened in shear with CFRP.  The experimental parameters 
were the influence of the strengthening scheme (U-wrap versus full wrap), spacing of the 
strengthening additions, and influence of the transverse steel reinforcement ratio.  The 
tests showed that all but one of the strengthened specimens failed by debonding.  In the 
specimen that did not fail by debonding, the FRP wrap fractured after crushing of 
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concrete.  Shear gains upto 20% were achieved and the authors concluded that the 
contribution of FRP to the shear resistance can be calculated using the truss analogy. 
2.6.8. Umezu et al. (1997).  Umezu et al. [1997] conducted a large experimental 
program on the use of FRP for shear strengthening and retrofit.  Twenty-six rectangular 
concrete beams of various dimensions were tested.  For all these tests, the shear ratio was 
kept constant and equal to 3.0.  Fourteen specimens were retrofitted with aramid (AFRP) 
and the rest with carbon (CFRP).  The full-wrap composite was either continuous or in 
strip form and was applied over the entire shear length.  The authors observed two modes 
of failure: (1) failure of FRP after crushing of concrete and (2) simultaneous rupture of 
FRP and concrete.  As observed by the authors, the latter mode tends to occur with small 
FRP reinforcement ratio.  In addition, on the basis of the observation that the FRP never 
reached its full capacity, the authors proposed that a reduction factor be applied to the 
tension resistance of FRP before using the truss analogy model.  This factor, which 
represents the ratio of the resistance obtained by tests over the resistance obtained with 
the truss model, assuming that the full capacity of the FRP is attained, was shown to 
decrease when the FRP reinforcement ratio increases.  A maximum value of 0.4 is 
suggested by the authors for the reduction factor. 
2.6.9. Funakawa et al. (1997).  Funakawa et al. [1997] tested five rectangular 
concrete beams with dimensions of 600 mm  510 mm  5060 mm.  Three specimens 
were retrofitted with one, two, or three layers of CFRP fabric full-wrapped over the entire 
shear length.  A fourth specimen was strengthened with AFRP.  The last specimen was 
maintained as control.  The specimens strengthened with one and two layers of FRP 
failed by fracture of the FRP, whereas with three layers the fracture of the FRP occurred 
well after crushing of the concrete in compression.  From these results, it could be 
concluded that the FRP contribution to shear resistance increased with the number of 
FRP layers, and that the combination of aramid and carbon fibers can be effective for 
enhancing the stiffness of a retrofitted member. 
2.6.10. Araki et al. (1997).  Araki et al. [1997] conducted an experimental 
program on a series of nine rectangular concrete beams of dimensions 200 mm  400 mm 
 3400 mm.  They investigated the FRP reinforcement ratio and the type of fibers (i.e., 
aramid versus carbon).  All the strengthened specimens reached the maximum load 
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without fracture of the FRP showing a shear tension failure mode.  In this failure mode, 
the expansion of shear cracks due to the yielding of stirrups caused failure.  Fracture 
occurred after failure of the specimens.  The FRP strains were found to have reached 
approximately two-thirds of the ultimate strain capacity.  The load-deflection curves 
showed that, after the formation of the first cracks, smaller FRP reinforcement ratios 
were accompanied by greater loss of rigidity.  To determine the FRP contribution to shear 
resistance, the authors used the truss analogy by reducing the tensile resistance of the 
FRP by an estimated factor of 0.60 for CFRP and 0.45 for AFRP. 
2.6.11. Kamiharako et al. (1997).  Kamiharako et al. [1997] presented results of 
tests carried out on eight rectangular beams.  Two series of beam dimensions were 
considered.  The first series consisted of beams with dimensions of 250 mm  400 mm  
3000 mm while the second series consisted of beams that were 400 mm  600 mm  
3000 mm.  The parameters investigated were the rigidity of the FRP, influence of the 
resin used, and specimen size.  The FRP was applied as a full wrap and consisted of 
either aramid or carbon fibers.  Two specimens in the first series of test were 
strengthened without the use of resin.  The beams were tested in a three-point loading 
configuration with a shear span of 1000 mm.  Consequently, the shear span-to-depth ratio 
(a/d) depends on the height of the specimen.  All of the test beams failed by diagonal 
tension.  The increase in capacity due to FRP varied between 31% and 93%, depending 
on the rigidity of the FRP and the size of the specimens.  As for rigidity, the reported 
values were greater for carbon than for aramid fibers.  Regarding specimen size, the 
reported gains were greater for beams of the second series (height = 700 mm).  However, 
it must be noted that the a/d ratio for the first series of beams (i.e., a/d = 2.5) is different 
from that of the second series of beams (i.e., a/d = 1.7).  This would certainly influence 
the behavior of the beams, particularly in terms of ultimate resistance.  Therefore, the 
conclusions related to specimen size must be used with great caution.  Finally, 
concerning the influence of resin, the reported results indicated that the gains in capacity 
due to FRP are nil when the FRP is applied without resin. 
2.6.12. Sato et al. (1997).  Sato et al. [1997a] experimentally investigated the 
shear resisting behavior of RC beams with CFRP sheets as well as the possibility of 
utilizing a mechanical anchorage system to address the problem of FRP debonding.  The 
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experimental program involved static monotonic testing of three RC T-beams of 
dimensions 150 mm  300 mm  2000 mm with all specimens having identical steel 
reinforcement.  Specimens No. 2 and No. 3 were reinforced with continuous U-wrapped 
CFRP sheets having fibers oriented at 90 degrees to the longitudinal axis of the beam.  
The CFRP sheets in specimen No. 3 were anchored by mechanical anchorage.  The 
anchor plate had a width of 50 mm and thickness of 10 mm.  The anchor bolts were 10 
mm in diameter and spaced at 50 mm.  The failure mode of specimen No. 1 was shear 
compression failure.  The failure mode for specimens No. 2 and No. 3 was shear failure 
after debonding of the CFRP sheets.  Specimens No. 2 and No. 3 showed shear strength 
gains of 12% and 33% with the use of CFRP sheets, respectively.  The ultimate shear 
strength of specimen No. 3 was greater than that of specimen No. 2.  The authors 
concluded that the use of CFRP sheets with mechanical anchorage is much more 
effective than that without an anchorage system.  They found that by using mechanical 
anchorage, the ultimate shear strength and shear force when the stirrups yielded increased 
because delamination was delayed. 
Sato et al. [1997b] further investigated anchoring techniques to develop a shear 
strengthening technique for avoiding delamination as well as a method for estimating 
strengthening effectiveness.  Specimens were rectangular RC beams of 300 mm width 
and 500 mm depth.  CFRP sheets with a thickness of 0.111 mm were bonded to the 
concrete surface with epoxy resin.  The sheets were anchored by four different methods.  
Twelve specimens in three series (i.e., S, M, and C-series with four specimens for each 
series) were subjected to varying loading conditions, span, and anchoring methods.  
Specimens in the S-series were subjected to monotonic load at the center of the total 
span.  These specimens were designed to fail in shear before flexural yielding of the 
tensile reinforcement.  The M and C-series specimens were subjected to an asymmetric 
load.  Monotonic loading was conducted in the M-series while cyclic loading was 
conducted in the C-series to observe durability and ductility performance.  In the S-series, 
only a 7% increase in shear strength was observed in the non-anchored specimen.  
Peeling of the CFRP sheets started along the shear crack and gradually propagated along 
the whole region.  The shear strength observed in the specimen with anchoring system 
type-1 (nail type) was double that of the non-strengthened specimen and rupture of FRP 
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was observed.  In the M-series, no more than 17% shear strength improvement was 
observed in the specimens with anchoring systems.  The CFRP sheets peeled off and the 
anchor bolts sheared off with concrete around them.  Shear failure was not observed for 
the specimen in the C-series but the applied load decreased gradually.  The authors 
concluded that the shear strength of a beam can be improved with CFRP sheets if an 
adequate anchoring system is provided.  They found that the strengthening effectiveness 
is maintained also under a cyclic load.  They also recommended the use of longer 
anchoring bolts that penetrate the whole web of the beam for type-3 anchoring systems. 
2.6.13. Taljsten (1997).  Taljsten [1997] conducted a series of tests on eight 
concrete rectangular beams of dimensions 180 mm  500 mm  4500 mm.  One of the 
objectives of the program was to study the shear behavior before and after retrofit with 
CFRP.  To this end, two of the three control specimens were first tested to failure, then 
retrofitted, and then loaded again.  The CFRP composite was applied onto the sides of the 
beams at an angle of 45°.  The second objective was to evaluate three FRP application 
systems, i.e., (1) hand lay-up, (2) pre-impregnation in combination with vacuum and heat, 
and (3) vacuum injection.  The distance between the applied loads was varied so as to 
ensure rupture by shear.  However, only three tests out of ten were valid.  For example, 
the specimens which were highly strengthened (two layers of FRP) failed by flexure, 
which was attributed by the authors to an underestimation of the shear capacity and a 
resulting under-design of the beams in flexure.  The control specimens which were tested 
to failure before retrofit ruptured by debonding of the FRP at the FRP-concrete interface.  
The gain in shear resistance reached 100%.  In the third beam, fracture of FRP and 
rupture of concrete occurred simultaneously.  Finally, the authors noted that although the 
hand lay-up method of FRP application was easier and more convenient, the pre-
impregnation and vacuum injection systems achieved better quality control. 
2.6.14. Chaallal et al. (1998).  Chaallal et al. [1998] studied the performance of 
concrete beams under-designed in shear and retrofitted with CFRP strips bonded onto the 
sides of the beams.  The experimental investigation included a series of eight beams, of 
rectangular cross section with dimensions of 150 mm  250 mm  1300 mm.  The 
parameter of interest was the angle of orientation of the CFRP strips (i.e., 90 versus 
135) with respect to the longitudinal axis.  The strengthened specimens failed by 
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debonding of the CFRP strips.  The CFRP did not have any effect on the rigidity of the 
beams in the initial phase of loading; however, their effect became apparent at the 
formation of the first cracks and increased with increasing applied load.  In their 
conclusions, the authors noted that shear strengthening enhanced not only the shear 
capacity, but also the overall rigidity of the retrofitted beams, by inhibiting the 
propagation of cracks. 
2.6.15. Mitsui et al. (1998).  Mitsui et al. [1998] investigated the influence of the 
shear span-to-depth ratio (a/d) on the shear capacity of concrete beams retrofitted with 
FRP.  They tested six rectangular beams with a cross section of 150 mm  250 mm, 
strengthened by full wrapping with CFRP fabric.  Test parameters include the a/d ratio 
(i.e., a/d = 1.14 versus a/d = 1.59) and the state of the beams.  The latter parameter refers 
to the following three cases: (1) pre-loaded beams, lightly cracked and then retrofitted, 
(2) beams pre-loaded to failure, after which the cracks were repaired with epoxy injection 
before retrofitting with FRP, and (3) beams strengthened with FRP with no pre-loading.  
No debonding was observed in any of the specimens.  In all the specimens, the FRP 
fractured as the beam failed.  The measured gains in the shear resistance varied between 
30% and 80%.  The specimens that were lightly pre-cracked and then retrofitted featured 
two cracking patterns.  The first pattern corresponded to the cracks which occurred 
during the pre-loading stage prior to retrofitting and the second pattern corresponded to 
crack development as a result of loading after the retrofit.  It was also concluded that the 
contribution of FRP to shear resistance tends to increase with increase in a/d. 
2.6.16. Triantafillou (1998).  Triantafillou [1998a] performed a series of tests on 
rectangular concrete beams with dimensions of 70 mm  110 mm  1000 mm which had 
no transverse steel and were strengthened in shear with CFRP strips.  Two variables were 
tested including the FRP thickness and the angle of orientation of the fibers (90 and 45) 
with respect to the longitudinal axis.  From these tests and a collection of others, the 
author proposed an analytical model for calculating the FRP contribution to shear 
resistance as discussed in Section 2.4.5.  The author noted in particular that the FRP 
strain decreased as the rigidity increased.  He also noted that the gain due to the FRP 
varies linearly with the rigidity up to an optimum value corresponding to f Ef  = 0.4 GPa, 
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after which it remains constant.  The author suggested that this threshold be used as a 
design criterion. 
2.6.17. Kachlakev and Barnes (1999).  Kachlakev and Barnes [1999] studied the 
effects of FRP strengthening on the failure modes and performance of RC beams.  They 
also investigated a variety of strengthening schemes to establish criteria showing the 
effectiveness of the composite reinforcement.  The experimental part of the study 
involved preparation of 71 RC beams with dimensions of 15.2 cm  15.2 cm  53.3 cm.  
All specimens were prepared with commercially delivered concrete, having a 28-day 
compressive strength of 27.5 MPa, and reinforced with one Grade 60 #3 rebar positioned 
in the center of the beam 51 mm from the bottom.  The beams were designed to fail in 
flexure.  Each specimen was tested in flexure using a three point loading configuration.  
The beams were divided between two different CFRP systems, and one GFRP system.  
Strengthening arrangements included flexural reinforcement only, flexural plus shear 
reinforcement, shear reinforcement at 45 degrees, and shear reinforcement at 90 degrees.   
The specimens tested exhibited a variety of failure modes depending on the 
strengthening scheme, thickness of the laminates, and material (CFRP or GFRP).  The 
majority of the failures occurred due to tensile failure of the concrete in the flexural zone 
as well as tensile failure of the laminate, shearing of the concrete following crushing of 
the concrete under the loading points, and shearing of the concrete following debonding 
of the laminate.  Increases in the ultimate load carrying capacity of the beams varied from 
100% to 400% for the CFRP systems depending upon the strengthening scheme.  For the 
GFRP systems, an increase ranging from 44% to 162% was observed.  The addition of 
FRP laminates delayed the initial cracking of the concrete by 34% to 110% depending on 
the strengthening scheme.  The beam failure modes showed a strong dependency on the 
FRP thickness, regardless of fiber orientation.  The authors concluded that the ultimate 
stress of the specimens reinforced for flexure and flexure and shear was influenced by the 
rigidity of the FRP laminates.  They also concluded that the optimum amount of FRP 
reinforcement, which provides maximum strengthening effect, must be established for 
each FRP system, depending on its thickness and mechanical properties. 
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2.6.18. Khalifa (1999).  Khalifa [1999] tested a series of twelve concrete 
rectangular beams with dimensions of 150 mm  305 mm  3050 mm which were 
strengthened in shear with FRP.  The objective of the study was to investigate the 
influence of the presence of internal transverse steel reinforcement, a/d ratio (a/d = 3 
versus a/d = 4), and the strengthening configuration.  The strengthening configurations 
considered include unidirectional U-shaped strips with two different widths, 
unidirectional U-shaped continuous fabric, and bidirectional continuous fabric bonded 
onto the sides of the beam only.  The objective of comparing unidirectional with 
bidirectional FRP was to evaluate the effect of horizontal fibers on the shear resistance of 
FRP.  All specimens failed in shear by debonding of the FRP.  Examination of the test 
results confirmed that the contribution of FRP stabilized beyond a certain level of FRP 
axial stiffness.  In some specimens, a 250% increase in the FRP shear reinforcement ratio 
enhanced the total shear capacity by merely 10%.  In the beams with transverse steel, 
comparison of CFRP strains with corresponding transverse steel strains showed that the 
steel is less strained in the presence of CFRP.  As for the influence of the shear span-to-
depth ratio (a/d), only two tests were valid, and these indicated a slight increase in shear 
capacity as the a/d ratio increased.  The following conclusions were drawn from this 
study: (1) The contribution of FRP to shear resistance is influenced by the a/d ratio; (2) 
The contribution of FRP to shear resistance remains constant above a certain FRP 
reinforcement ratio; (3) The contribution of FRP to shear resistance is more significant 
for beams without transverse steel. 
Khalifa [1999] also tested nine continuous rectangular beams strengthened with 
CFRP having a cross section of 150 mm  305 mm and a span of 4580 mm.  The 
parameters of the study included the transverse steel reinforcement ratio, FRP 
reinforcement ratio, strengthening configuration, and orientation of the fibers 
(unidirectional versus bi-directional).  The modes of failure obtained from the tests were 
in most cases outside the desired behavior, since most of the specimens failed by slippage 
of the longitudinal steel reinforcement or by flexure.  Failure by debonding occurred only 
in two specimens.  The latter specimens did not contain transverse steel reinforcement 
and one of the specimens was strengthened with a U-shaped CFRP wrap while the other 
was strengthened with CFRP strips.  However, significant contributions from the CFRP, 
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83% and 135% respectively, were recorded for these specimens.  Examination of the 
load-deflection curves of the two valid tests revealed that the effect of the FRP 
configuration on the contribution of FRP to the shear resistance became apparent only 
after a certain level of loading.  The merit of this study stems from its establishment of 
the fact that, contrary to the case of simple spans (the majority of tests), the strengthened 
zones of continuous beams experience maximum shear and maximum moment 
simultaneously. 
2.6.19. Khalifa et al. (2000).  Khalifa and Nanni [2000] studied the behavior of 
concrete T-beams without transverse steel reinforcement retrofitted in shear with 
different configurations of externally-bonded CFRP.  Six beams with dimensions of 150 
mm  405 mm  3050 mm were tested to investigate the effects of: (1) CFRP 
reinforcement ratio (i.e., continuous fabric versus discrete strips), (2) CFRP configuration 
(i.e., U wrap versus bonded on the sides only), (3) orientation of the fibers (i.e., 
unidirectional versus bidirectional), (4) presence or absence of an FRP anchorage.  
Anchorage consisted of extending the CFRP into a groove made in the compression zone 
near the web surface then fixing it in place by means of a 10 mm diameter FRP rebar 
glued into the groove with an epoxy paste.  The strengthened beams failed predominantly 
by debonding.  However, the specimen strengthened with a U-wrap anchored to the 
compression zone by means of an FRP bar failed in flexure.  Increases in shear capacity 
attributed to CFRP strengthening ranged from 35% to 145%.  Moreover, the results 
indicated that the horizontal fibers had no significant effect on the effectiveness of the 
CFRP strengthening, at least in the case of failure by debonding.  However, the authors 
added that such an effect is not to be excluded in the case of deep beams.  The following 
conclusions were drawn from the study: (1) The contribution of FRP to shear resistance 
was significant, particularly when adequate anchorage was provided, (2) The U-wrap 
configuration was more effective compared to FRP bonded to the sides and continuous 
fabric covered larger areas that could be subject to cracking as compared to discrete 
strips, (3) The horizontal fibers did not play a significant role in shear resistance. 
Khalifa et al. [2000] investigated the shear performance and modes of failure of 
simply supported RC T-beams strengthened with two different FRP-based systems, 
namely, externally bonded CFRP sheets and near surface mounted (NSM) rods.  Test 
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specimens consisted of a series of five T-section beams with dimensions of 150 mm  
305 mm  3050 mm.  Two methods of surface preparation (sandblasting and 
waterblasting) were also used in the application of externally bonded CFRP sheets to 
investigate the influence of different levels of concrete surface roughness.  The beams 
were tested in a four-point loading condition with an a/d ratio of 3.0.  All the specimens 
ruptured forcefully by debonding of the FRP which was accompanied by delamination of 
the concrete substrate.  It was observed that the greater the surface roughness produced 
by surface preparation prior to strengthening applications, the more dramatic the 
delaminations.  The results showed that increases in load capacity due to FRP 
strengthening averaged 75%, including all specimens with different concrete surface 
treatments.  The authors concluded that additional concrete surface roughness beyond 
that normally prescribed by the manufacturer does not influence the shear capacity of the 
strengthened beams.  Test results also showed the NSM technique as an equally effective 
method for increasing the shear capacity. 
2.6.20. Deniaud and Cheng (2001).  Deniaud and Cheng [2001] explored the 
behavior of T-beams strengthened in shear with CFRP.  They tested eight beams with 
dimensions of 140 mm  600 mm  3700 mm.  The parameters of interest were the 
spacing of the stirrups, type of fiber (i.e., carbon versus glass), and orientation of the 
fibers (i.e., 90, 45/90, and tri-axial 0/60/-60).  Test specimens were thoroughly 
instrumented in order to collect as much data as possible.  All specimens failed by 
debonding and exhibited similar load-deflection responses.  The internal transverse steel 
reinforcement and external FRP had no affect on the initial overall rigidity of the beams, 
however, both the ultimate capacity and ductility were clearly influenced by the FRP and 
transverse steel reinforcements.  In this context, the authors noted that the contribution of 
FRP decreased as the transverse steel reinforcement ratio increased.  Thus, suggesting 
that an interaction exists between the internal reinforcement and external strengthening. 
2.6.21. Li et al. (2001).  Li et al. [2001] studied the influence of the height of the 
beam on the FRP shear contribution.  Five rectangular beams with dimensions of 130 mm 
 200 mm  1350 mm were tested implementing CFRP continuous fabrics bonded to the 
sides of the beams at different heights.  CFRP composites were also bonded to the soffit 
of the beams.  No failure by debonding was observed which was attributed by the authors 
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to the high quality of the bonding glue.  The load-deflection responses featured two 
distinct phases.  The curves corresponding to the different configurations are quasi-
identical in the first phase of loading, which shows that the configuration has no effect on 
the load.  The curves then intersect as the load increased and interestingly, there was no 
noticeable difference between the different FRP configurations in the ultimate load that 
was reached.  On the basis of this result, the authors suggest that there is no need for the 
FRP to be applied over the entire height of the web.  However, the authors did not give an 
indication on the minimum FRP height required to ensure adequate effectiveness. 
2.6.22. De Lorenzis and Nanni (2001).  De Lorenzis and Nanni [2001] studied 
the performance of RC beams strengthened in shear with Near-Surface Mounted (NSM) 
CFRP rods.  A total of eight T-beams were tested with cross-sectional dimensions of 6 
inches  14 inches and a span of 10 feet.  Test parameters included spacing of the rods, 
inclination of the rods, development of anchorage in the flange, and influence of the 
internal steel stirrups.  The specimens were tested under four-point loads with an a/d ratio 
of 3.0.  With the exception of the specimen with transverse steel reinforcement, which 
failed in flexure, all the specimens strengthened in shear with FRP NSM rods failed in 
shear.  Failure was due either to bonding failure of one or more NSM rods or splitting of 
the concrete cover of the longitudinal reinforcement.  The results showed gains in 
capacity due to external strengthening as high as 106%.  It was concluded that the shear 
capacity of the strengthened beams can be increased by decreasing the spacing of the 
NSM rods, anchoring the rods into the flange, or changing the inclination of the rods 
from 90º to 45º.  This work shows that the use of NSM FRP rods is an effective technique 
to enhance the shear capacity of RC beams. 
2.6.23. Pellegrino and Modena (2002).  Pellegrino and Modena [2002] studied 
the influence of the internal transverse steel on the contribution of externally bonded 
FRP.  To this end, they tested a series of eleven rectangular beams which included beams 
with and without transverse steel reinforcement and strengthening with varying CFRP 
reinforcement ratios.  The specimen dimensions were 150 mm  250 mm   2700 mm.  
The CFRP fabric was applied to the sides of the beams in one, two, or three layers.  All 
specimens failed in shear by delamination of the CFRP composite.  In the beams without 
transverse steel, the presence of FRP modified the cracking patterns such that near the 
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support, the cracks were inclined more or less horizontally, whereas near the load point, 
they were inclined at 45°.  In the beams containing transverse steel, delamination was 
more severe and cracks were inclined at angles less than 45°.  The authors concluded that 
in the presence of transverse steel, the contribution of FRP decreased.  To take this 
interaction into consideration, they suggested a partial modification of the model 
proposed by Khalifa et al. [1998], based on their test results as discussed in Section 
2.4.12.  This modification is a function of the rigidity of the transverse steel rather than of 
the FRP ratio. 
2.6.24. Chaallal et al. (2002).  Chaallal et al. [2002] presented the results of an 
experimental program including twenty-eight tests performed on fourteen T-section 
beams with dimensions of 130 mm  450 mm   6000 mm.  Two parameters were 
considered in this study including the spacing of the stirrups and number of CFRP layers.  
CFRP strengthening was applied in a U-wrap configuration over the web.  Specimens 
were tested with an a/d ratio of 2.0 and therefore may be classified as deep beams.  The 
strengthened specimens exhibited crushing of the compression struts followed by rupture 
of the CFRP near the supports.  Such behavior is characteristic of deep beams.  Removal 
of the CFRP fabric revealed that the concrete underneath was completely pulverized.  It 
was clear that enhancing the confinement of concrete in compression was the main role 
played by the FRP in this case.  The shear capacity, on the other hand, increased with the 
number of FRP layers.  However, this increase is linked to the transverse steel ratio, as 
clearly demonstrated by the test results.  It was observed that the higher the transverse 
steel reinforcement ratio, the less significant the contribution of the FRP to shear 
resistance.  This result led the authors to propose an expression for FRP strain as a 
function of the global shear reinforcement ratio including both steel and FRP.  The 
proposed expression was used along with the truss analogy to evaluate the contribution of 
FRP as discussed in Section 2.4.11. 
2.6.25. Micelli et al. (2002).  Micelli et al. [2002] tested twelve T-beams 
extracted from an existing concrete building constructed in 1964.  The merit of the study 
stems from the fact that it considered the performance of FRP used to strengthen an 
existing structure.  The beams had dimensions of 152 mm  381 mm  2743 mm.  Two 
of the beams were maintained as control specimens while the rest were retrofitted with U-
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wrapped continuous FRP fabric in one or two layers with and without anchorage.  Of the 
ten strengthened beams, eight were retrofitted with CFRP and the remainder with aramid 
composite.  For the anchorage, the authors used the technique described by Khalifa et al. 
[1999].  In addition, the small longitudinal steel reinforcement ratio led the authors to 
strengthen the beams in flexure in order to inhibit any premature failure in flexure.  The 
flexural strengthening was applied to both critical positive and critical negative moment 
regions.  The beams were tested under three-point loads with the load applied at a 
distance which created an a/d ratio of 2.4.  In the beams with no anchorage, failure 
occurred by premature debonding of the FRP, accompanied by severe delamination.  The 
gain in shear resistance ranged from 11% to 16% depending on the number of FRP 
layers.  The beams with anchored FRP achieved higher gains ranging from 35% to 27% 
depending on the number of FRP layers.  Failure in this case, was caused by loss of 
anchorage.  The addition of a second CFRP layer to the specimens with anchorage did 
not result in a capacity increase.  The authors noted that the gains achieved are small 
compared to those predicted by theory.  This behavior was attributed by the authors to 
deep beam action and was recommended for further investigation.  It must be said that an 
a/d ratio of 2.4 is at the upper limit of what can be considered as a deep beam.  
Furthermore, it must be noted that the resistance of concrete in compression was around 
20 MPa, thus the quality of the concrete substrate could also explain the results obtained. 
In this context, it would have been interesting to know more details on the state of the 
concrete substrate and on the surface preparation prior to application of FRP. 
2.6.26. Li et al. (2002).  Li et al. [2002] carried out a series of CFRP shear 
strengthening tests on 16 rectangular concrete beams with dimensions of 130 mm  300 
mm  2700 mm.  The parameters considered include the configuration of FRP, spacing of 
the stirrups, and influence of the longitudinal steel reinforcement ratio.  The CFRP was 
applied to the sides of the beam as discrete strips over the shear span.  Strains were 
measured at various locations along the CFRP, transverse steel, concrete, and 
longitudinal steel.  The beams were tested under three-point loading with an a/d ratio of 
2.9.  All beams exhibited crushing of concrete either in shear and/or flexure.  The 
increase in capacity attributed to CFRP varied between 25% and 115%.  These increases 
in capacity were found to be proportional to the area of the strengthened surface (the 
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height of the CFRP bonded onto the sides of the beams was a parameter of the 
strengthening configuration).  The results showed that the presence of transverse steel 
resulted in a reduction of strength gain.  Strength gains were also observed to decrease as 
the longitudinal reinforcement ratio was increased.  However, the results which led to this 
last conclusion are based on specimens that failed simultaneously in shear and flexure. 
2.6.27. Lees et al. (2002).  Lees et al. [2002] investigated the feasibility of a new 
strengthening system with FRP, specifically prestressed carbon-FRP straps.  This full-
wrapping system is innovative in the sense that the FRP contributes to strength starting 
from the first stage of loading due to the prestressing effect.  In comparison, other 
strengthening systems, including those with FRP, are passive systems which do not 
influence the shear behavior and particularly concrete contribution until after the 
formation of diagonal cracks.  For this investigation, the authors tested two T-beams, one 
of which was a control beam, with dimensions of 150 mm  430 mm  2700 mm.  The 
beams were tested under a four-point loading configuration.  The strengthened beam 
ruptured by fracture of the strap and was found to achieve a 33% increase in shear 
capacity compared to the control specimen.  The results also showed an increase in the 
overall rigidity as compared to the control beam.  In conclusion, the authors recognized 
that further work was required to investigate the influence of loading arrangement, pre-
stress level, and strap arrangement on the behavior of a strengthened beam. 
2.6.28. Czaderski (2002).  Czaderski [2002] tested six T-beams strengthened 
with L-shaped CFRP plates.  The dimensions of the beams were 150 mm  430 mm  
3500 mm.  The parameters studied include the type of loading (i.e., static loading versus 
pre-loading with subsequent static loading versus fatigue with subsequent static loading) 
and influence of the internal steel stirrups.  Failure modes included crushing of concrete 
after yielding of the longitudinal steel reinforcement in the case of strengthened beams 
containing transverse steel reinforcement and shear rupture in the case of the 
strengthened beam without transverse steel reinforcement.  The strengthened beams with 
transverse steel reinforcement achieved only a 5% increase in capacity while the 
strengthened beams without transverse steel achieved increases in strength as high as 
95%.  The study also presented numerous results on different factors related to strains in 
CFRP and transverse steel. 
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2.6.29. Deniaud and Cheng (2003).  Deniaud and Cheng [2003] performed a 
series of laboratory controlled experiments using concrete beam specimens strengthened 
externally in shear with FRP sheets.  The objective of this investigation was to study the 
effect of concrete strength, transverse steel reinforcement ratio, height of the beam web, 
and type of FRP on the behavior of FRP-strengthened concrete beams.  The specimen 
size was designed to minimize the scale effect, therefore providing a reasonably true 
behavior of similar real-life structural elements.  A T-beam shape was selected to 
increase the flexural capacity relative to the shear resistance.  Three levels of transverse 
steel reinforcement were investigated including no stirrups, 6 mm diameter stirrups 
spaced at 200 mm, and 6 mm diameter stirrups spaced at 400 mm.  Three types of FRP 
were used to externally strengthen the web of the beams, including: (1) uniaxial carbon 
fiber, (2) uniaxial glass fiber, and (3) triaxial (0º/60º/-60º) glass fiber.  The glass fibers 
were applied at a right angle to the longitudinal axis of the beams along the full length of 
the shear span.  The carbon-fiber sheets were placed at a 45º angle to the longitudinal axis 
of the beams with a width of 50 mm and a gap of 50 mm perpendicular to the direction of 
the fibers.  In all cases, the fibers were extended underneath the flange to provide a 
minimum anchor length of 100 mm and were wrapped under the web.   
This series of tests included four beams with a beam height of 400 mm.  Since 
both ends of each beam were tested separately, a total of eight tests were conducted.  The 
test set-up consisted of a four-point loading system that created a region of constant 
moment at midspan.  In general, for the tests with no FRP (control specimens), two major 
shear cracks were observed within the shear span.  The ultimate load was reached when 
the concrete crack extended upward through the flange near the loading point.  The 
failure of both the uniaxial and triaxial glass-fiber reinforced specimens started to show 
the same web shear cracks as the controlled specimens; however, following the web shear 
cracks, a vertical crack was formed on the top of the flange close to the support, and it 
propagated downward.  The glass fiber eventually tore vertically.  The unidirectional 
carbon bands applied at 45º crossed the concrete cracks at nearly right angles and, 
therefore, was very effective.  However, with a gap of 50 mm, these bands generated 
large shear forces that were transferred to the surrounding concrete.  Thus, the sheets 
peeled off suddenly from the web-face of the beam after the bond strength of the fiber-
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concrete interface had been reached.  The authors concluded that the effectiveness of FRP 
strengthening to shear contribution is dependent on the amount of internal shear 
reinforcement.  They observed that the composites were less effective when beams were 
heavily reinforced with internal shear reinforcement. 
2.6.30. Diagana et al. (2003).  Diagana et al. [2003] presented the results of tests 
conducted on a series of ten rectangular concrete beams with dimensions of 130 mm  
425 mm  2200 mm.  The parameters tested are closely related to the properties of FRP 
composites and include the orientation of the fibers (i.e., 45 versus 90) with respect to 
the axis of the beam, configuration of FRP (i.e., U-wrap versus full wrap), and spacing of 
FRP strips.  The composite was made of carbon fibers and was applied as discrete strips 
along the shear span.  The beams were tested under three-point loading with an a/d ratio 
of 2.1.  Increases in shear capacity attributed to CFRP varied between 18% and 61% 
depending on the configuration of the CFRP and the orientation of the fibers.  Shear gains 
were greatest for U-wrap configurations when fibers were oriented perpendicular to the 
plane of cracking.  Failure modes consisted of debonding of the FRP in the case of U-
wrap configurations and fracture of FRP in the case of full wrapping schemes. 
2.6.31. Taljsten (2003).  Taljsten [2003] tested a series of seven rectangular 
concrete beams with dimensions of 180 mm  500 mm  4500 mm.  The beams had no 
transverse steel reinforcement and were strengthened with CFRP fabric applied in a U-
wrap configuration.  The parameters studied include the fiber orientation (i.e., 45°, 90° 
and 0°) and FRP thickness.  The concrete resistance in compression ranged from 59 to 71 
MPa.  The beams were tested under a four-point loading with an a/d ratio of 2.7.  
Strength increases attributed to CFRP ranged from 100% to 170% excluding the 
specimen with fibers oriented longitudinally to the beam axis which only achieved a 
strength increase of 24%.  Most of the beams failed due to crushing of concrete.  One 
focus of the study was the vertical distribution of the strains in the CFRP composite 
within the test zone.  The author noted that the maximum strain was reached at mid-
height of the beam. 
2.6.32. Hsu et al. (2003).  Hsu et al. [2003] explored, through a series of five 
tests, the behavior of rectangular beams with no transverse steel, strengthened in shear 
with CFRP.  The dimensions of the beams were 152 mm  229 mm  1067 mm.  All test 
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parameters were related to the external FRP configuration which included CFRP strips 
oriented at 90º, CFRP strips oriented at 45º, continuous fabric with fibers oriented at 0º, 
and a continuous strip at mid-height with fibers oriented at 0º.  The strengthened beams 
failed in shear by debonding of the CFRP except for the beam that was strengthened with 
continuous CFRP fabric wrap, which failed by rupture of the CFRP.  The CFRP strips 
oriented at 45º were found to perform the best, providing an 80% improvement in 
strength while CFRP strips oriented at 90º provided a 60% improvement in strength.  The 
continuous band at mid-height was found to provide a 33% improvement of strength 
where as the continuous fabric provided only a 16% increase in strength. 
2.6.33. Barros and Dias (2003).  Barros and Dias [2003] assessed the efficacies 
of two common shear strengthening techniques; that of externally bonded CFRP laminate 
strips (EBR) and near surface mounted CFRP laminate strips (NSM).  This assessment 
was performed through an experimental program consisting of 20 rectangular RC beams 
tested in four-point bending under various shear strengthening configurations.  Two 
series of beam geometry were investigated to analyze the influence of beam depth on the 
effectiveness of the shear strengthening technique.  Series A consisted of beams that were 
150 mm  300 mm with a 1500 mm span length while Series B consisted of beams that 
were 150 mm  150 mm with a 900 mm span length.  The two geometric series were 
further subdivided into two series of longitudinal tensile reinforcement (ρsl) to evaluate its 
influence on the shear strengthening performance.  Series A10 and B10 had 4 10 mm 
bars for tensile reinforcement while Series A12 and B12 had 4 12 mm bars for tensile 
reinforcement.  In all series, the shear span-to-depth ratio was maintained at 2.0.   
Within each series, the influence of the strengthening scheme and orientation 
where assessed through testing of: (1) a reference beam without any shear reinforcement, 
(2) another reference beam with only steel stirrups of 6 mm and 300 mm spacing, (3) a 
beam with U-wrapped strips of wet lay-up CFRP sheets each 25 mm wide and oriented at 
90 degrees, (4) a beam with NSM CFRP laminate strips of 1.410 mm2 cross-section 
oriented at 90 degrees, and (5) a beam with NSM CFRP laminate strips of 1.410 mm2 
cross-section oriented at 45 degrees.  The NSM technique was found to be the fastest, 
easiest, and most effective in shear strengthening.  Laminates of 45 degree orientation 
were found to be more effective than the vertical laminates in the specimens with larger 
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beam depth.  Failure modes of the beams strengthened by the NSM technique were also 
found to be less fragile as those strengthened by EBR.  Test results were also used to 
appraise the performance of analytical formulations proposed by ACI 440 [2002], fib-
TG9.3 [2001], and De Lorenzis [2002].  In general, ACI 440 and fib-TG9.3 formulations 
were found to overestimate the experimentally determined FRP contributions.  
Meanwhile, the formulations proposed by De Lorenzis, which were used to evaluate the 
NSM technique, were found to underestimate the experimentally determined FRP 
contributions. 
2.6.34. Adhikary et al. (2004).  Adhikary et al. [2004] performed a series of 
CFRP shear strengthening tests on nine rectangular beams with dimensions of 300 mm  
245 mm  3500 mm.  The parameters of the study were related to the FRP configuration 
and the fiber type including: (1) kind of fibers (i.e., carbon versus aramid), (2) wrapping 
scheme (i.e., U-wrap versus full wrap), and (3) anchorage length (i.e., anchorage was 
provided by bonding a certain length of sheet to the top face of the beam).  The beams 
were tested under four-point loading with an a/d ratio of 4.1.  With the exception of the 
beams strengthened with full wrap, which failed in flexure, all other beams failed in shear 
by debonding of FRP or spalling of concrete.  As for resistance, the reported results 
revealed that the strength gains attributed to CFRP and AFRP reached 123% and 118%, 
respectively.  It was concluded that the full-wrap configuration outperformed the U-wrap 
configuration. 
2.6.35. Xue Song et al. (2004).  Xue Song et al. [2004] investigated the effects of 
externally bonded CFRP sheets in rectangular RC beams with shear deficiencies.  The 
authors addressed the factors that influence the shear capacity of strengthened beams 
including shear span ratio as well as the amount and distribution of CFRP.  They tested 
16 RC beams designed to fail in shear.  These members were tested as simple beams 
using a four-point loading configuration with three different shear span ratios.  The 
beams had a rectangular cross section of 150 mm width and 360 mm height.  The 
specimens were grouped into three series based on the shear span length.  All the 
specimens consisted of two 16 mm and two 32 mm steel bars as tensile reinforcement.  
Shear reinforcement consisted of 6 mm steel stirrups spaced at 135 mm through the entire 
span.  The shear capacity of the strengthened beams was about 12.7% and 43.1% higher 
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than the control specimen.  The test results indicated that the shear span-to-depth ratio 
(a/d) is a critical parameter, showing a decreasing trend in FRP strengthening 
effectiveness with decrease in the shear span-to-depth ratio (a/d).  Test results also 
showed that using an end anchorage system in the CFRP sheets can suspend debonding 
and significantly enhance the shear capacity.  They reported that there were two effects 
that would influence the ultimate load capacity with increment in CFRP thickness.  The 
first one tended to decrease the tensile load in the CFRP sheets due to the reduction in the 
average stress in the CFRP sheets.  The second one tended to increase it as a result of the 
increment in CFRP area. 
2.6.36. Zhang et al. (2004).  Zhang et al. [2004] studied the behaviour of deep 
beams strengthened in shear with CFRP.  They’re experimental program consisted of 16 
tests on rectangular concrete beams with dimensions of 102 mm  203 mm  760 mm.   
The objectives of the research study were to evaluate the influence of the a/d ratio on the 
performance of shear strengthening with FRP and to compare the performance of 
different FRP configurations.  Experimental parameters consisted of continuous versus 
discontinuous CFRP (i.e., fabric versus strips), fiber orientation (i.e., 45° versus 90° 
versus 0°), and CFRP application pattern (i.e., side bonded versus U-wrap).  Some of the 
beams were tested under four-point bending with an a/d ratio of 1.25, and the rest were 
tested under three-point bending with an a/d ratio of 1.88.  The results showed that, for a 
given a/d ratio, the gains in capacity due to strengthening depend strongly upon the 
configuration.  Beams strengthened with CFRP strips inclined at a 45º angle recorded the 
highest strength gains (200%) as compared to strips applied at 90º (179%) for an a/d ratio 
of 1.89.  Moreover, the beams strengthened with CFRP fabric generally outperformed the 
beams strengthened with CFRP strips in terms of strength increase.  As for the influence 
of the a/d ratio, the results showed that the strength gains were greater for a/d = 1.25.  In 
terms of failure modes, the study indicated that delamination of the CFRP laminates from 
underneath the concrete surface is the dominant failure mode for all CFRP-strengthened 
beams. 
2.6.37. Cao et al. (2005).  Cao et al. [2005] presented the results of an 
experimental program encompassing 18 tests, six of which were used as control 
specimens.  The objective of the investigation was to study the phenomenon of 
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debonding of FRP strips, which can be observed particularly in critical regions of shear 
strengthening.  The beams tested had a rectangular cross-section with dimensions of 150 
mm  222 mm  1700 mm (or 1600 mm for 6 of the specimens).  The parameters studied 
were the a/d ratio (i.e., a/d = 2.92, 2.70, 2.47, 1.80, and 1.35), FRP application (i.e., 
variable spacing and width of FRP strips), and FRP type (i.e., carbon or glass).  Note also 
that the test beams were pre-loaded under four-point bending until a diagonal shear crack 
became apparent, and then fully unloaded prior to strengthening.  The beams were 
strengthened by wrapping FRP strips around the entire cross-section within the test shear 
span.  In general, all test beams exhibited a similar failure process.  Local debonding of 
some FRP strips was initiated at or near the critical shear crack.  At a sufficiently high 
load level, the most highly-stressed strip debonded completely from the side of the beam, 
although it remained bonded to the top and bottom surfaces of the beam.  Strength gains 
attributed to FRP ranged from 18% and 80%, depending on the a/d ratio and the FRP 
content.  The measuring devices used in the study, particularly those placed on the FRP 
strips to measure strains, yielded interesting conclusions with regards to the strain 
distribution in the strips located in the critical sections for shear.  This distribution was 
confirmed to be non-uniform which, according to the authors, must be taken into account 
for the prediction of FRP contribution to shear resistance.  Based on the results of these 
test, they proposed a modified strain distribution factor to be used in the analytical model 
of Chen and Teng [2003a] as discussed in Section 2.4.16. 
2.6.38. Carolin and Taljsten (2005).  Carolin and Taljsten [2005a] tested a series 
of 23 rectangular concrete beams having dimensions of 180 mm  440 mm  4000 mm 
which were strengthened in shear with CFRP.  The objective of the study was to examine 
the influence of CFRP thickness, fiber orientation, and FRP configuration (i.e., U-wrap 
versus full wrap) on the performance of strengthened beams.  Some of the beams were 
pre-cracked before strengthening was applied.  Other beams were subjected to fatigue 
loading after strengthening had been applied.  The beams were tested under four-point 
bending with an a/d ratio of 2.8.  The specimens failed in shear according to different 
modes, depending on FRP configuration, FRP thickness, and fiber orientation.  For 
example, debonding failure was observed for the cases where the fibers were oriented at a 
90° angle, whereas FRP rupture failure occurred when fibers were oriented at 45°.  This 
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last failure mode was often associated with a loss of anchorage.  The test results also 
showed that beams that were pre-cracked achieved a performance comparable to the 
strengthened pristine beams (i.e., those which were not pre-loading prior to 
strengthening).  As for fatigue, the results indicated that fatigue-loaded beams tend to 
have a higher load-bearing capacity when tested to failure, compared to beams without a 
fatigue history. 
2.6.39. Miyajima et al. (2005).  Miyajima et al. [2005] investigated the shear 
strengthening effect and shear resistance mechanisms provided by the application of 
CFRP sheets.  The cross section of the RC specimens was constructed to 1/8 scale of the 
original beam they were designed to mimic.  The flexural reinforcement ratio of the 
specimens was 2.03%, similar to that of the original RC beam which was 1.90%.  The 
shear span-to-depth ratio (a/d) was 2.5 so that deep beam behavior would not have any 
effect on the results.  The specimens were designed to fail by shear even after being 
strengthened by CFRP sheets.  It was also ensured that the main reinforcement ratio did 
not exceed the balanced reinforcement ratio.  CFRP sheets used for strengthening varied 
between 50 and 100 mm width.  Load was applied monotonically in a four-point bending 
configuration.  All specimens were observed to fail in diagonal shear tension.  The 
authors concluded that the shear resistance mechanism of the CFRP sheets starts around 
the sheet closest to the crack which starts to spall after shear cracking has started.  
However, once the entire area of the sheet providing shear resistance had spalled, the 
strain in the sheet started to develop again.  The maximum load was reached when at 
least one of the sheets failed.  They suggested that the reason why the development of the 
strain in the sheet becomes sluggish is probably attributable to the shift of the bond 
resistance area of the sheets.  They also reported that if the strengthening ratio increases, 
the cracking load also increases and the cracks start to disperse which results in 
enlargement of the crack width. 
2.6.40. Monti and Liotta (2005).  Monti and Liotta [2005] presented results of an 
experimental investigation involving 24 tests performed on rectangular concrete beams 
with dimensions of 250 mm  410 mm  2800 mm.  A number of different FRP 
strengthening configurations were tested.  Test parameters included strengthening scheme 
(i.e., side bonded versus U-wrap versus full wrap), fiber orientation (i.e., 90° versus 45°), 
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and FRP distribution (i.e., continuous FRP versus strips at different spacings).  The 
beams were tested under three-point bending with an a/d ratio of 3.4.  The tests showed 
that debonding was the predominant mode of failure, accompanied in some cases by 
opening of a stirrup overlap.  The results showed that the gains in shear capacity due to 
FRP were greater for 45° fiber orientations and increased as the spacing of strips was 
reduced with continuous FRP sheets performing the best.  For example, the beam 
strengthened with U-shaped FRP strips inclined at an angle of 45° and spaced at only 225 
mm achieved a strength gain of 190%.  By comparison, the beam strengthened with FRP 
strips bonded to the sides of the beam at an angle of 90 achieved a strength gain of only 
5%.  In parallel to the experimental study described above, the authors proposed a model 
for prediction the contribution of FRP strengthening to shear resistance as discussed in 
Section 2.4.17.  The proposed model was validated with test results achieved by the 
authors in this study and in other studies reported in the literature. 
2.6.41. Sim et al. (2005).  Sim et al. [2005] conducted experimental tests on 10 
rectangular RC beams to evaluate the shear strengthening effects of various types of FRP 
materials (CFRP, CFS, and GFRP).  In their study, the strengthening methods of 
stripping, side wrapping, and complete wrapping were also investigated.  Two different 
fiber orientations (i.e., 45° and 90°) were also considered for all strengthening methods 
except for the complete wrap in which only 90° fiber orientation was investigated.  All 
beams were tested in a four-point loading configuration with a shear span-to-depth ratio 
(a/d) of 1.7.  All specimens were observed to fail in a brittle shear failure mode 
accompanied by debonding of the FRP materials.  Improvements in shear capacities 
ranged between 54% and 73% in most cases.  No noticeable difference in the shear 
strengthening effect was observed among the three different types of strengthening 
material.  However, the fiber orientation was found to be an important factor with greater 
strength and better control of crack propagation occurring in the case of fibers oriented at 
45°.  A numerical model was suggested for predicting the shear capacity of FRP 
strengthened beams based on concrete plasticity theory and an efficiency factor calibrated 
from the experimental test results as discussed in Section 2.4.18.  This model was 




2.6.42. Bousselham and Chaallal (2006).  Bousselham and Chaallal [2006a] 
presented results of 22 tests performed on RC T-beams retrofitted in shear with CFRP 
layers.  The dimensions of the test specimens were 152 mm  350 mm  3110 mm.  Test 
parameters consisted of CFRP reinforcement ratio (i.e., the number of CFRP layers), 
transverse steel reinforcement ratio (i.e., stirrup spacing), and shear span-to-depth ratio.  
All the tested specimens failed in shear, except those of series SB-S2 (slender beams, 
with steel stirrups spaced at s = d/4) which failed in flexure.  No specimen failed by 
debonding, delamination, or fracture of the CFRP.  The shear failure occurred by 
crushing of the concrete struts.  The results showed that the contribution of CFRP to 
shear resistance is not proportional to the CFRP thickness (i.e., the stiffness) and depends 
on whether the strengthened beam is reinforced in shear with internal transverse steel 
reinforcement.  Results also confirmed the influence of the a/d ratio on the behavior of 
RC beams retrofitted in shear with external FRP. 
Bousselham and Chaallal [2006b] presented results of an experimental 
investigation involving twelve tests on T-beams (95 mm  175 mm  1584 mm) 
strengthened in shear with CFRP fabrics.  The main objective of this study was to 
evaluate the effects of the CFRP reinforcement ratio, transverse steel reinforcement ratio, 
and shear span-to-depth ratio (i.e., deep versus slender) on the shear performance of 
strengthened RC beams.  All the test specimens failed in shear but no specimen failed by 
premature debonding, delamination, or fracture of the CFRP.  The shear failure, which 
occurred by crushing of the concrete struts, was accompanied with a wide open crack in 
the compression zone.  The results clearly indicated that: (1) the gain in shear capacity 
was significant in slender beams whereas it was very modest in deep beams and (2) 
increasing the CFRP thickness (i.e., 1L to 2L) achieved an additional gain in capacity for 
slender specimens, particularly those pertaining to specimens without transverse steel.  In 
deep specimens no noticeable gain was achieved.  The addition of internal transverse 
steel was found to result in a significant decrease in shear gain for the slender specimens.  
The existence of an interaction between the internal transverse steel and the externally 




2.6.43. Hassan Dirar et al. (2006).  Hassan Dirar et al. [2006] tested four T-
beams, three of which (B2, B3, and B4) were fitted with CFRP straps and one (B1) 
maintained as a control.  The dimensions of the beams were 105 mm  210 mm  2500 
mm.  The objective of the study was to examine the effect of existing cracks on the shear 
performance of beams retrofitted in shear with FRP.  Beams B3 and B4, were submitted 
to a pre-loading of 70% of the ultimate load capacity, as determined from testing the 
control beam (B1), then unloaded down to 40% of their capacity prior to activating the 
prestress load in the FRP straps.  In beam B2, prestress was activated in the FRP straps 
without any pre-loading.  Meanwhile, beam B4, was used to evaluate the combined effect 
of pre-loading and the a/d ratio, thus the load, which was applied after the prestress had 
been activated in the FRP straps, was moved gradually from a shear span length of a = 
410 mm to a = 820 mm.  As far as the failure modes are concerned, the results obtained 
indicated that specimen B3 suffered a shear failure due to a set of parallel shear cracks 
emerging from above the support.  This was accompanied by significant damage both to 
the flange and to the end of the beam.  In specimen B4, the major shear crack emanated 
from the outer strap pad at an angle of approximately 34° and ran towards the flange, 
crossing the middle strap just under the flange.  The flange suffered less damage in this 
specimen than in B3.  Test results yielded shear strength increases of 46% and 22% for 
beams B3 and B4, respectively.  The authors attributed this difference in gain to the more 
detrimental loading scheme used for beam B4.  The results also showed that the loading 
history had little effect on the behavior of RC beams strengthened with CFRP straps. 
2.6.44. Pellegrino and Modena (2006).  Pellegrino and Modena [2006] carried 
out an experimental program on beams with different amounts of transverse steel 
reinforcement and different amounts of CFRP shear strengthening.  The objective of this 
study was to contribute in understanding the complex failure mechanisms that 
characterize the ultimate shear capacity of continuous and simply supported RC members 
with transverse steel reinforcement and externally bonded FRP sheets.  The authors 
focused their study on the mechanisms of interaction between the external strengthening 
and internal shear reinforcement.  The experimental program involved twelve tests on 
full-scale rectangular beams that were designed so that their shear capacities would be 
reached prior to flexural failure.  Tests were developed for both a simply supported 
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loading scheme and continuous loading scheme (i.e., in which maximum shear and 
maximum bending moment were simultaneously acting at the support).  The rectangular 
cross section had overall dimensions of 150 mm  300 mm.  The composite material 
consisted of a unidirectional carbon fiber fabric which was applied in a continuous U-
shape with one or two layers.  A continuous strengthening with inclination of 90º was 
chosen to guarantee interception of the diagonal shear cracks.   
Three- and four-point bending tests were carried out.  Control beams with 
continuous loading scheme showed a typical mechanism of shear-tensile failure which 
involved the formation of a principal diagonal crack with a sub-horizontal orientation 
near the support and loading points and 45º inclination in the central zone.  Control 
beams with simply supported loading scheme showed a similar failure but the principal 
diagonal crack developed with mostly one inclination between the bearing and loading 
points.  FRP reinforced beams failed in shear with CFRP debonding.  Concrete cover 
spalling developed along the entire height of the beams.  For continuous beams, a small 
increase in strength was observed between one and two layers of CFRP strengthening, 
whereas no such increase of strength was observed for the simply supported strengthened 
beams.  For the continuous beams, a general reduction of efficiency of the strengthening 
technique with U-wrapped FRP sheets was observed when the stirrup spacing decreased.  
The authors concluded that an interaction must exist between the internal transverse steel 
reinforcement and external FRP strengthening. 
2.6.45. Leung et al. (2007).  Leung at al. [2007] performed a comprehensive 
experimental study to provide experimental data on the shear capacity of strengthened 
members of practical size.  Their objective was to measure the shear capacity of small 
and large members that are geometrically similar and to determine if the strengthening 
effect is similar for members of different sizes.  The testing program consisted of 
members of three different depths (i.e., 180 mm, 360 mm, and 720 mm) with five 
specimens prepared for each member size.  The a/d ratio was maintained at 2.5 for all 
beam depths.  For each member size they tested a control specimen (i.e., unstrengthened), 
two beams strengthened in shear with U-wrap CFRP strips, and two beams strengthened 
with fully wrapped CFRP strips.  The thickness, width, and spacing of the CFRP strips 
were related to the beam dimensions as follows: strip thickness = 0.44B/300, strip width 
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= D/9, and strip spacing = D/3 where B, D, and S are the beam width, beam depth, and 
shear span, respectively.  All specimens had a transverse steel reinforcement ratio of 
0.28%.  The beams were designed to be over-reinforced in flexure to avoid flexural 
failure and all specimens were prepared at the same time from the same concrete mix.  
All specimens were tested in four-point bending.   
For most cases, the failure loads for members having the same cross-sectional size 
and FRP reinforcement scheme were found to be similar.  The only exception was the 
smallest members retrofitted with U-wrap strips, specimens SB-U1 and SB-U2, which 
failed at 130 and 91.7 kN, respectively.  For SB-U1, and all the other specimens repaired 
with U-wrap configuration, the debonded strips carried with them a thin layer of 
concrete, indicating a strong adhesive/concrete interface that leads to failure within the 
concrete.  For the beams strengthened by U-wrap strips, a 60% increase in shear capacity 
was achieved for the small beam while the large and midsize beams showed only a 4-7% 
increase.  The results clearly indicate that the shear strengthening effect for U-wrap 
configurations is dependent on the size of the member.  On the other hand, the beams 
strengthened by fully wrapped strips do not show any size effect on the shear capacity.  
Regardless of member size, the increase in shear capacity was in a similar range of 57-
67%.  For beams strengthened with U-wrap configuration, failure was associated with 
debonding of the FRP strips from the beam while for the beams strengthened by fully 
wrapped FRP strips, failure was initiated by rupture of the strips.  The authors compared 
the shear contribution of FRP measured from these tests, together with others reported in 
the literature, to predictions by ACI 440 [2002], fib-TG9.3 [2001], and JSCE [2001].  
They found that for beams strengthened with U-wrap configurations, none of the 
guidelines can consistently provide conservative estimates of the FRP contribution when 
considering beams of practical size, although the ACI 440 [2002] equations were found 
to be conservative for cases with low volume of steel stirrups. 
2.6.46. Gamino et al. (2009).  Gamino et al. [2009] tested eight small-scale RC 
T-beams with a total depth of 300 mm.  Two of the beams were used as control 
specimens and the remaining six tests investigated the effects of different FRP materials 
for shear strengthening with varying spacing between FRP strips.  An anchorage system 
was used on three of the strengthened specimens, but no details are given on the type or 
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method of anchorage.  Results showed an increase in capacity with the use of FRP 
strengthening and further increase in load capacity for beams in which the anchorage 
system was used.  Shear gains were compared with ACI 440.2R-02 [2002] and fib-TG9.3 
[2001].  ACI 440.2R-02 showed the best correlation with the experimental results, 
however, both specifications were extremely conservative in predicting the FRP 
contribution.  FEM modeling using DIANA 9.1 software was also implemented and was 
found to present good correlation with the experimental results. 
2.6.47. Arteaga et al. (2009).  Arteaga et al. [2009] presented experimental 
findings from a series of 16 full-scale tests on rectangular RC beams strengthened in 
shear with FRP.  Specimens were 250 mm wide by 420 mm deep with a total span length 
of 4300 mm.  The experimental program consisted of one reference beam and 15 FRP 
strengthened beams.  Test parameters included: (1) FRP scheme (i.e., U-wrap or 
complete wrap), (2) fiber orientation (i.e., 90 degrees versus 45 degrees), (3) fiber amount 
(i.e., 530 g/m
2
 or 300 g/m
2
), and (4) strengthening distribution (i.e., continuous or 
discrete FRP strips).  Stirrups as well as FRP strengthening were instrumented with strain 
gauges within the test region.  The test procedure was a three-point loading performed in 
load control with continuous application of load until failure.  Each beam featured two 
test regions referred to as long-span and short-span beams.  It is noted that this notation 
does not refer to the span length of the test region, which is constant among all tests, but 
rather the span of the non-test region.   
Experimental results showed increases in the shear capacity in all cases of FRP 
strengthened specimens in comparison to the reference beam.  Test results were 
normalized with respect to concrete strength to account for differences in the quality of 
the concrete amongst the beam specimens.  They found that there is no significant 
increase in the stiffness of the beams strengthened with CFRP for shear compared to the 
beams without strengthening.  Steel stirrups in the cracked area were found to yield 
before failure thus justifying, at least in this case of low transverse steel reinforcement, 
the use of the yield stress for defining the stirrup contribution.  In the U-wrapped beams 
the failure occurred by delamination before the ultimate strain of the CFRP.  The authors 
concluded that shear strengthening with unidirectional CFRP sheets significantly 
enhances the capacity of beams, especially in the case of complete wrapping schemes.  
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Experimentally observed FRP shear contributions were compared to values predicted by 
fib-TG9.3 [2001], CNR-DT 200/2004 [2004], Chen and Teng [2003a and b], and ACI 
440 [2002].  All predictions, except fib-TG9.3 [2001], were found to be conservative. 
2.6.48. Alrousan et al. (2009).  Alrousan et al. [2009] presented test results of an 
experimental program consisting of 16 rectangular RC beams with varying depths 
designed to investigate the size effect.  Beam depths of 9 inches, 12 inches, 15 inches, 
and 18 inches where investigated.  None of the beams had steel stirrups and FRP 
strengthening consisted of 2 inch wide strips with 4 inch gaps between strips.  All beams 
were tested in four-point bending with a simply supported span of 4.5 feet.  Test results 
showed that shear strength increases with increase in effective beam depth.  Increases in 
shear strength ranged from 15%-19%, depending on the effective depth.  Crack openings 
were also measured using LVDTs and the results showed that crack openings develop at 
a slower rate as the effective depth increases.  An increase in the primary cracking angle 
was also observed with increase in effective beam depth for the FRP strengthened beams.  
One of the observed failure modes was due to debonding of multiple CFRP strips, 
however, test results indicated that this mechanism can be prevented by providing a 
larger bond length (i.e., greater effective depth). 
 
 
2.7. FIELD APPLICATIONS 
FRP retrofit and strengthening techniques have been successfully implemented in 
a number of field applications around the world, however, most of them have not been 
documented in great detail.  Moreover, the greater majority of these applications have 
involved flexural strengthening interventions of degraded concrete structures or seismic 
retrofit to improve strength and ductility of concrete columns.  As a result, only six field 
projects directly related to FRP shear strengthening of concrete bridge girders were found 
to be thoroughly documented in the literature which are summarized below. 
2.7.1. In-Service Evaluation of a Concrete Bridge with FRP Strengthening.  
A single span, reinforced concrete T-beam bridge in New York State was strengthened in 
flexure and shear with externally bonded FRP laminates in November 1999 [Hag-Elsafi 
et al., 2001 a and b].  The bridge was originally built in 1932 and carries five lanes of 
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traffic without weight-limit restrictions.  Strengthening was prompted by cross-sectional 
losses in the reinforcing bars as a result of corrosion.  The flexural strengthening scheme 
consisted of FRP laminates bonded to the bottom surface of the beams.  Shear 
strengthening was provided by 330 mm wide strips of FRP applied in a U-wrap 
configuration with a center-to-center spacing of 483 mm.  Design of the FRP 
strengthening system was based on the ACI 440.2R-02 [2002] provisions. 
2.7.2. CFRP Strengthening and Monitoring of the Grondals Bridge.  The 
Grondals Bridge in Sweden is a prestressed concrete box bridge with total length of 
approximately 400 m and a free span of 120 m.  The bridge showed significant cracking 
in service conditions although the reason for such cracking is still debated.  As a result, 
the bridge required strengthening in several sections to satisfy demands at both the 
ultimate limit state and service limit state.  The strengthening method adopted for areas of 
concern related to the ultimate limit state involved prestressed Dywidag-stays.  However, 
FRP strengthening was implemented in areas for which the service limit state was of 
concern.  The FRP strengthening scheme consisted of 120 mm wide CFRP laminate 
strips applied to the inside walls with steel plate anchorage systems [Taljsten et al., 
2007]. 
2.7.3. Langevin Bridge Shear Strengthening using CFRP Sheets.  The 
Langevin Bridge is a six-span, four-cell, continuous box-girder bridge constructed in 
Calgary, Canada in 1972.  In 2003, the bridge was structurally analyzed and some regions 
of the bridge were found to be deficient in shear under the Alberta legal truck (CS-615) 
load.  The analysis of this bridge was complicated by discontinuities in the prestressing 
tendons as well as irregularities in stirrup spacing.  Discontinuities in the prestressing 
tendons were due to overlapping tendons in splice zones while the irregularities in stirrup 
spacing were the result of stirrups added during construction.  To overcome these 
challenges, a shear-friction approach was adopted in the analysis of the shear capacity of 
the bridge.  The two external webs were found to be deficient toward the ends of several 
of the spans.  The internal webs were found to be deficient at the right end of the second 
span where the internal prestressing tendons were horizontal and thus contributed nothing 
to the shear resistance.  To correct these deficiencies, CFRP sheets were bonded to the 
inside face of the external webs and to both faces of the interior webs.  An optimum fiber 
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orientation of 63º was determined based on an assumed average crack angle of 60 
degrees.  The number of plies and sheet spacing varied depending on the level of shear 
strengthening required.  The design was limited by a fiber strength of 29.7 ksi and 
material resistance factor of  = 0.5 as recommended by ISIS Manual #4 [2001].  This 
method of strengthening was considered to be the most cost effective since the shear-
friction approach used in the analysis is capable of precisely determining the extent of the 
regions deficient in shear.  Thus, money was not wasted on strengthening regions outside 
the critical sections. 
2.7.4. Use of Externally Bonded FRP Systems for Rehabilitation of Bridges in 
Western Canada.  The John Hart Bridge in Prince George, British Columbia and the 
Maryland Bridge in Winnipeg, Manitoba are two bridges in western Canada that have 
been strengthened in shear with externally bonded CFRP [Hutchinson et al., 2003].  Since 
their construction in the early 1960s, truck loads have increased three-fold and thus the 
bridges no longer met the present code requirements for shear strength.  The fact that 
both bridges are located along main arterial roadways and thus must remain accessible to 
traffic was a major factor in selecting the FRP strengthening method.  The John Hart 
Bridge consists of seven simply supported spans with six I-shaped prestressed concrete 
AASHTO girders per span.  All 42 girders were strengthened using a single diagonal 
layer of Replark
TM
 CFRP (manufactured by Mitsubishi Corp. of Japan) sheets over a 4 m 
length at each end.  After application, the CFRP sheets were covered with a 0.079 to 
0.157 inch thick protective coating.  This retrofit was completed within a six week period 
and is one of the largest strengthening applications of its kind.   
The Maryland Bridge consists of two sets of five continuous spans with seven I-
shaped prestressed concrete AASHTO girders per span.  Two of the girder ends were 
strengthened using the MBraceTM system manufactured by Master Builders Inc. 
[MBrace, 1998].  The other two girder ends were strengthened using the ReplarkTM 
system manufactured by Mitsubishi.  The strengthening configuration in both cases 
consisted of vertical CFRP strips wrapped under the bottom flange with a horizontal layer 
along the web at the top and bottom flanges to prevent debonding.  The time required to 
complete the retrofit was only one week for each pair of girder ends.  CFRP 
strengthening designs for both the John Hart Bridge and Maryland Bridge were based on 
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experimental results on small-scale prestressed I-girders performed by Hutchinson and 
Rizkalla [1999]. 
2.7.5. Fatigue of Diagonally Cracked RC Girders Repaired with CFRP.  The 
Willamette River Bridge located near Newberg, Oregon was found to have significant 
diagonal cracking during an inspection conducted by the Oregon Department of 
Transportation (ODOT) in late summer of 2001.  This RC deck-girder (RCDG) bridge 
was designed and constructed in 1954 during the highway expansion of the late 1940s 
through early 1960s.  Design provisions during the 1950s relied on a larger allowable 
concrete stress (i.e., 0.02fc
’
 for unanchored and 0.03fc
’
 for anchored longitudinal bars 
[AASHTO, 1953]) than permitted by today’s design specifications (i.e., 
'0.95 cf  
[AASHTO, 2008] and 
'2 cf  [ACI 318, 2008]).  In addition, anchorage requirements for 
flexural steel were less stringent in the 1950s.  Thus, the RCDG bridges designed in the 
1950s are under-designed by today’s standards.  These conditions coupled with increased 
service loads as well as shrinkage and temperature effects contribute to significant 
diagonal tension cracking in these types of bridges.  Repeated loading from traffic 
conditions may result in widening of these cracks.  The Willamette River Bridge consists 
of three reinforced concrete approach spans of 55 feet at each end and four steel plate 
girder spans over water.  The approach spans consist of one simple span with five RC 
deck-girders and two continuous spans with four RC deck girders.  The bridge was 
constructed of concrete with a specified concrete compressive strength of 3,300 psi and 
ASTM A305 [1950] reinforcing steel with nominal yield stress of 40 ksi.   
Diagonal cracking was observed in the concrete approach spans and was repaired 
using externally bonded CFRP in the fall of 2001 [Williams and Higgins, 2008].  CFRP 
materials consisted of CF130 uni-directional high-strength carbon fiber fabric produced 
by MBrace [1998].  Surface preparation prior to application consisted of diamond 
grinding and epoxy injection of all cracks.  Afterwards, CFRP strips of 12 inch width 
were applied vertically in a U-shape wrapping scheme with a center-to-center spacing of 
14 inches.  Three years after the CFRP retrofit, the bridge was re-inspected and 
instrumented for monitoring under ambient traffic conditions.  No additional cracking 
was observed during this re-inspection.  The south approach was selected for 
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instrumentation with strain gages oriented vertically and placed at mid-depth of the 
CFRP.  These strain gages were monitored for approximately 33 days, from which the 
largest single strain range measured was 34 microstrain.  The field investigations 
provided a baseline for developing equivalent laboratory tests.  From the laboratory test 
results, it was observed that the service-level fatigue loading histories higher than those 
observed in the field did not significantly change the ultimate shear capacity.  It was 
further recommended by the researchers, that an open space between adjacent FRP strips 
be maintained in order to permit observation of diagonal cracking in the girders after 
repair. 
2.7.6. Ebay Island Viaduct: Pilot Project to Comprehensive Carbon Fiber 
Rehabilitation.  The Ebay Island Viaduct is a 2-1/4 mile long bridge built during the late 
1960s that crosses over environmentally sensitive wetlands near the outflow of the 
Snohomish River into Puget Sound near Everett, Washington.  After less than thirty years 
of service, bridge inspectors noted that the bottoms of the existing precast concrete webs 
were manifesting a considerable degree of concrete spalling with accompanying primary 
steel reinforcement corrosion.  In 1999, carbon fiber sheets were bonded to the 
deteriorated elements to compensate for steel reinforcement loss due to corrosion, which 
was primarily for flexural strengthening.  However, carbon fiber sheets were also applied 
with a U-wrap configuration to compensate for the shear capacity loss associated with the 
cross-sectional loss of stirrups caused by corrosion.  The carbon fiber repairs have been 
inspected annually since the completion of the repair project and no debonding or other 
deterioration of the carbon fiber plies were reported up to spring of 2007 [Dornsife, 
2007].   
 
 
2.8. BOND BEHAVIOR AND ANCHORAGE SYSTEMS 
2.8.1. Bond Behavior.  The performance of externally bonded FRP shear 
strengthening applications is greatly dependent on the interface bond behavior between 
the FRP sheets and concrete substrate.  The most important role of the interface bond 
between the FRP sheets and concrete is to transfer shear stresses from the existing 
concrete structure to externally bonded FRP sheets.  The behavior of this bond is 
  
80 
influenced by the mechanical and physical properties of the concrete, FRP composite, 
and adhesive used to bond the two together.  The intent is to provide sufficient bond so 
that failure is governed by FRP rupture rather than debonding.  However, even if 
excellent bond is provided by the adhesive at the concrete-FRP interface, debonding may 
still occur as a result of the failure being driven into the concrete substrate such that 
spalling of the concrete cover occurs.  Thus, the concrete strength is also important when 
considering the bond behavior.  The main parameters affecting the bond behavior are 
summarized in Table 2.4. 
 
 
Table 2.4.  Parameters affecting bond behavior 
Parameters Characteristics Influencing Bond 
Concrete 
Modulus of elasticity, strength, thickness, 
surface condition, drying shrinkage, and 
water content 
FRP fiber sheets or laminates 
Modulus of elasticity, strength, stiffness, 
thickness, weave pattern, and dimensions 
(length and width) 
Bonding resin 
Modulus of elasticity, strength, spread, and 
glass transition temperature 
Primer 
Putty 
Loading conditions Bending, shear, punching, or cyclic 
Environmental actions 




A number of studies have been conducted to investigate the bond behavior 
between concrete and FRP.  Parameters evaluated include the average shear bond 
strength, effective bond length, maximum shear bond stress, interfacial fracture energy, 
and local bond stress-slip relationship.  The bond stress-slip relationship is the most 
important parameter.  For FRP sheets bonded to concrete, this relationship is determined 
by the strain distribution in the FRP and the local bond stresses measured in the FRP 
sheets.  Several empirical bond stress-slip relationships have been proposed including 
elasto-plastic models [Sato et al., 1997a and De Lorenzis et al., 2001], a bilinear model 
based on interfacial fracture energy [Yoshizawa et al., 2000], a model based on the 
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Popovic’s expression [Nakaba et al., 2001]; and a shear softening model [Sato et al., 
2000].  Experimental studies have shown that the bond shear stress increases rapidly with 
increases in the interfacial slip until a peak stress is reached (i.e., the bond strength) as 
illustrated in Figure 2.7.  After this point, interfacial softening (or micro-cracking) is 
initiated, accompanied by a decrease in the interfacial shear stress and increase in the 
interfacial slip.  There is disagreement among researchers on the shape of the model, 
however, use of fracture mechanics implicitly leads to very simple generic expressions 
that consider only the FRP stiffness and interfacial fracture energy (defined as the area 




Bond Stress Bond Stress Bond Stress
Slip Slip Slip
(a) Cutoff type (b) Bilinear type (c) Tensile softening type
 
 (a) Cutoff type (b) Bilinear type (c) Tensile softening type 
Figure 2.7.  Typical bond stress-slip models 
 
 
Debonding occurs first within the effective bond length, defined as a length over 
which the majority of the bond stress is maintained.  When the bonded length of FRP 
along the FRP-concrete interface exceeds the effective bond length, no further increase in 
failure load can be achieved.  However, a longer bond length may delay complete 
debonding and thus improve ductility.  Several studies have been performed to determine 
the effective bond length.  Table 2.5 summarizes some of the expressions that have been 
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Table 2.5.  Summary of models for the effective bond length (cont.) 
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Table 2.5.  Summary of models for the effective bond length (cont.) 
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2.8.2. Anchorage Systems.  Efforts to prevent the debonding failure mode have 
led to the investigation of many different kinds of anchorage systems adapted to the FRP 
strengthening technique.  Experimental investigations have proven that anchorage of FRP 
systems increases the shear contribution provided by FRP composite materials.  The most 
common types of anchorage systems include additional horizontal strips of FRP, fiber 
reinforced polymer anchor spikes, near surface mounted (NSM) systems, and various 
mechanical anchorage systems involving bolts and plates. 
Additional horizontal FRP strips applied on top of the FRP shear reinforcement 
strips was investigated by Hutchinson and Rizkalla [1999] as well as Schnerch [2001].  
This technique is very easy to install and requires less labor than other anchorage 
systems.  However, different levels of effectiveness have been reported.  Schnerch [2001] 
reported that the horizontal strips neither delay nor prevent debonding and therefore does 
not increase the shear contribution of FRP.  However, test results reported by Hutchinson 
and Rizkalla [1999] indicated that horizontal strips increased the shear contribution of 
FRP by 16%. 
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FRP anchor spikes (Figure 2.8) were investigated as a means of anchoring FRP 
shear reinforcement by Eshwar et al. [2003], Eshwar et al. [2008], Orton [2007], and 
Niemitz [2008].  Each anchor spike consists of a pre-cured fiber portion and a dry fiber 
portion as shown in Figure 2.8(a).  These spikes are made by bundling together a portion 
of fibers.  Half of the fiber length is covered with plastic or duct tape to protect for later 
use.  The uncovered bundled fibers are impregnated and thoroughly saturated with resin.  
Finally, the saturated fibers are passed through a circular hole in a steel plate, or die, to 
obtain the desired diameter of the anchor spikes.  The dry fibers are trimmed to the 
appropriate length according to specific requirements for bonding purposes.  The 
installation of the spikes is accomplished immediately following application of the FRP 
sheets while the adhesive is still wet.  The pre-cured portion of each anchor spike is 
inserted into holes drilled to the desired diameter and depth prior to the strengthening 
application.  The holes are pre-filled with saturant to secure the anchor.  The dry fibers 
are spread around the layer in circular fashion, and a layer of saturant is then applied as 





 (a) Anchor spikes (b) Installation procedure 
Figure 2.8.  Anchor spike 
 
 
The effectiveness of the NSM system was demonstrated by Khalifa and Nanni 
[2000], De Lorenzis [2002], and Micelli et al. [2002].  In this system, a bent portion of 
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the end (or a region near the end) of the FRP reinforcement is embedded into the 
concrete, as shown in Figure 2.9.  For fiber sheets, the bend is created during wet lay-up 
while in the case of laminates, it is pre-formed.  This technique requires no additional 
surface preparation work other than cutting the grooves which is an operation that can 





Figure 2.9.  Cross-section of the NSM system [Khalifa et al., 2000] 
 
 
Mechanical anchorage systems were investigated by Sato et al. [1997a], Matthys 
[2000], and Schuman [2004].  Steel angles, steel or FRP composite plates, and anchor 
bolts are examples of common materials used in mechanical anchorage systems.  Sato et 
al. [1997a] conducted a series of tests investigating four methods used to anchor the FRP 
sheets as shown in Figure 2.10.  The bolts used in this type of anchorage system create a 
discontinuity of the FRP system and stress concentrations around the anchors.  They 
recommended the use of long anchor bolts that penetrate the full web.  Matthys [2000] 
conducted a project to strengthen four continuous reinforced concrete beams in shear and 
flexure.  Bond/anchorage tests indicated a 44% increase in anchorage capacity with the 
use of steel bolted connections.  Mechanical anchorage was found to produce a less 
brittle failure mode due to the transition to an external tensioning system after debonding 
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and to increased displacements resulting from CFRP slip.  Schuman [2004] applied a 
mechanical anchorage system to increase the shear contribution of CFRP systems by 
embedding anchor rods into the cross section with various bearing plates, such as the 
GFRP plate (Figure 2.11).  He concluded that the use of properly embedded and sized 
anchors allows the vertical FRP reinforcement to remain intact during failure.  These 
anchors then force a more ductile compression zone and ensure a shear/flexural failure 
mode.  Schuman [2004] also concluded that short anchors lead to an increase in load and 
displacement capacity while causing the CFRP reinforcement to be activated before the 
steel reinforcement yields.  The application of deeper anchors proved more beneficial 
















































 (c) Type 3 (d) Type 4 








 (a) Shallow embedment depth (b) Deep mbedment depth 
Figure 2.11.  Mechanical anchorage details [Schuman, 2004] 
 
 
Mechanical anchorage systems have been used with different configurations, but 
the embedment length, diameter of the anchor, and the bearing strength of the plate are 
primary considerations.  The embedment length of the anchor depends largely on 
practical issues.  Although, longer anchors are more effective, they increase the amount 
of labor required and present the risk of damaging the concrete and internal steel 
reinforcement.  The diameter of the anchor must be chosen based on the failure modes of 




3. EXPERIMENTAL PROGRAM 
3.1. GENERAL 
The experimental program consisted of two series of tests.  The first series 
consisted of full-scale reinforced concrete (RC) T-beams that were designed to mimic 
beams from a field study on externally bonded FRP strengthening involving a bridge in 
Troy, New York [Hag-Elsafi et al., 2001a].  The second series consisted of full-scale 
prestressed concrete (PC) I-girders designed based on standard sections specified by the 
Missouri Department of Transportation (MoDOT) [2005].  The primary test parameters 
for both series of tests include the effects of: pre-existing damage (cracks), transverse 
steel (stirrup) reinforcement ratio, FRP strengthening scheme, and methods of FRP 
anchorage.   
The effects of pre-existing damage were investigated in the form of shear cracks 
created from applying load prior to FRP strengthening.  Two levels of transverse steel 
reinforcement (stirrups) were employed to investigate the difference in behavior between 
a girder which is considered to be moderately reinforced in shear and one which is 
considered to be insufficiently reinforced in shear prior to strengthening.  FRP 
strengthening schemes consisted of a single-ply of CFRP strips applied in a U-wrap 
configuration with fibers oriented at either 90 or 45 degrees relative to the longitudinal 
axis of the girders.  Anchorage of the FRP was investigated through the use of various 
mechanical anchorage systems as well as additional horizontal FRP sheets.  A few 
additional parameters were investigated in the RC T-beam tests including the effects of: 
negative moment, environmental conditioning (corrosion damage), and fatigue loading.  
The cross-sectional shape and flexural reinforcement arrangement were additional 
parameters among the PC I-girder tests.  The details for both series of tests are described 





3.2. TEST SPECIMENS 
3.2.1. RC T-Beams.  A total of eight RC T-beams were constructed with each 
girder designed to provide two distinct test regions, with exception for the last beam 
which was designed for fatigue testing.  Table 3.1 shows the experimental test matrix for 
the 15 RC T-beam specimens and the corresponding test parameters.  The nomenclature 
of the specimen names indicates the beam type (RC = reinforced concrete T-beam), 
stirrup spacing in inches (8 or 12), the CFRP strengthening configuration (S90 = strips at 
90º and S45 = strips at 45º), the presence and type of mechanical anchorage (NA = no 
anchorage, DMA = discontinuous mechanical anchorage plates, SDMA = sandwiched 
discontinuous mechanical anchorage plates, and HS = horizontal CFRP strips), and any 
additional test parameters (PC = pre-existing cracks, Cor = corrosion damage, HM = 
negative moment, Ftg = fatigue).   
The cross-section of the RC T-beams was designed to mimic beams from an 
existing bridge in Troy, New York which was part of a field investigation study for 
externally bonded FRP strengthening [Hag-Elsafi et al., 2001a].  Some modifications had 
to be made due to the fact that the longitudinal reinforcement of the Troy bridge 
consisted of square 1-1/4 inch steel bars that are no longer manufactured.  In addition, the 
flexural steel reinforcement was slightly re-designed to ensure adequate flexural strength 
such that shear failure would be the governing failure mode.  The resulting section was a 
37 inch deep T-beam with an 18 inch wide web and a 42 inch wide top flange as 
governed by space limitations of the test set-up.  The longitudinal reinforcement 
consisted of twelve #11 rebars as tensile reinforcement and eight #5 rebars as 
compression reinforcement in the top flange.  Figure 3.1 shows (a) the cross-sectional 
arrangement of the Troy, New York bridge beams and (b) the cross-sectional 
arrangement adopted for the experimental RC T-beams.  The effects of negative moment 
were investigated by casting and testing one beam upside down to simulate the conditions 
at an interior support of a continuous beam.  This required a slight modification of the 



















RC-8-Control 0.0015 0.00000 None None 
RC-12-Control 0.0010 0.00000 None None 
2 
RC-8-S90-NA 0.0015 0.00048 Strips/90 None 




RC-12-S90-NA 0.0010 0.00048 Strips/90 None 




RC-12-S90-HS-PC 0.0010 0.00048 Strips/90 
Horizontal 
CFRP Strips 









RC-12-S45-NA 0.0010 0.00034 Strips/45 None 
6 
RC-12-S45-HS 0.0010 0.00034 Strips/45 
Horizontal 
CFRP Strips 





RC-12-S90-NA-HM 0.0010 0.00048 Strips/90 None 

























 (a) (b) 


















The transverse steel reinforcement consisted of #3 Grade 40 mild steel bars 
spaced at either 8 inches (ρv = 0.0010) or 12 inches (ρv = 0.0015) depending on the test 
parameters of the specimen as shown in Table 3.1.  The 8 inch stirrup spacing satisfies 
the maximum spacing requirement of AASHTO-LRFD [2008] and thus the specimens 
with such stirrup spacing are considered moderately reinforced in shear.  This stirrup 
spacing also corresponds with that of the Troy, New York bridge.  The 12 inch stirrup 
spacing is greater than the maximum spacing requirement of AASHTO-LRFD [2008] 
and thus the specimens with such stirrup spacing are considered insufficiently reinforced 
in shear.  A reduced stirrup spacing of 4 inches was used at both ends of the beam to 
prevent premature failure at the supports.  Detailing of the transverse steel reinforcement 
can be found in Appendix A. 
  The influence of corrosion damage was investigated by subjecting one specimen 
to an accelerated corrosion treatment of the stirrups prior to strengthening and testing.  
This test was intended to simulate the condition in which strengthening is required to 
restore the shear capacity of an RC beam which has suffered from mild corrosion 
damage, specifically to the transverse steel reinforcement.  If the corrosion damage is 
severe, including spalling of the concrete and significant loss of the cross-sectional area 
of the steel reinforcement, proper measures should be sought to restore the section prior 
to implementing FRP strengthening.  However, FRP strengthening without the need for 
extensive cross-sectional restoration work can serve as an immediate and efficient repair 
method when the symptoms of corrosion are detected at an early stage of development.  
The accelerated corrosion process consisted of applying a constant current of six amps 
and cycles of wet-dry conditions including the use of a saline solution.  The electric 
current was supplied by a DC power supply which was connected directly to the stirrups 
within the experimental test region.  A mixture of water and rock salt were contained 
within reservoirs attached to the sides of the beam to provide the wet conditions needed.  
A schematic of the accelerated corrosion treatment is shown in Figure 3.3.  This 
accelerated corrosion process was carried out for 31 days at which point the symptoms of 
corrosion development were visually perceived in the form of cracks and rust formation 




DC Power Supply - 6 amps














3.2.2. PC I-Girders.  A total of eight PC I-girders were constructed with each 
girder designed to provide two distinct test regions.  Table 3.2 shows the experimental 
test matrix for the 16 PC I-girder specimens and the corresponding test parameters.  The 
nomenclature of the specimen names indicates the cross-section type (T4 = Type 4 or T3 
= Type 3), stirrup spacing in inches (12 or 18), the CFRP strengthening configuration 
(S90 = strips at 90 degrees and S45 = strips at 45 degrees), the presence and type of 
mechanical anchorage (NA = no anchorage, CMA = continuous mechanical anchorage 
plates, DMA = discontinuous mechanical anchorage plates, SDMA = sandwiched 
discontinuous mechanical anchorage plates, and HS = horizontal FRP strips), and the 
presence of pre-existing damage/cracks (PC). 
The cross-sectional shape and flexural steel arrangement were experimental test 
parameters of the PC I-girder tests.  Differences in the cross-sectional shapes investigated 
include the girder shape (MoDOT Type 3 or Type 4), the presence or absence of a deck 
slab, and the shape of the deck slabs.  The flexural reinforcement arrangements varied 
based on flexural design requirements [ACI 318, 2008 and AASHTO-LRFD, 2008] 
needed to prevent flexural failure.  The four cross-sectional arrangements that were 
investigated are presented in Figure 3.5. 
The transverse steel reinforcement consisted of #3 Grade 60 mild steel bars 
spaced at either 12 inches (ρv = 0.0031) or 18 inches (ρv = 0.0020) depending on the test 
parameters of the specimen as shown in Table 3.2.  The 12 inch stirrup spacing satisfies 
the maximum spacing requirement of AASHTO-LRFD [2008] and thus the specimens 
with such stirrup spacing are considered moderately reinforced in shear.  The 18 inch 
stirrup spacing is greater than the maximum spacing requirement of AASHTO-LRFD 
[2008] and thus the specimens with such stirrup spacing are considered insufficiently 























T4-12-Control I 0.0031 0.0000 None None 
T4-18-Control I 0.0020 0.0000 None None 
2 
T4-18-S90-NA I 0.0020 0.0014 Strips/90 None 




T4-18-S90-DMA II 0.0020 0.0014 Strips/90 
Discontinuous 
CFRP Plates 




T4-12-Control-Deck II 0.0031 0.0000 None None 





T3-12-Control III 0.0031 0.0000 None None 
T3-12-S90-NA III 0.0031 0.0014 Strips/90 None 
6 
T3-12-S90-NA-PC III 0.0031 0.0014 Strips/90 None 




T3-18-Control IV 0.0020 0.0000 None None 
T3-18-S90-NA IV 0.0020 0.0014 Strips/90 None 
8 
T3-18-S90-HS IV 0.0020 0.0014 Strips/90 
Horizontal 
CFRP Strips 
























(20) 0.6" dia. tendons











 (a) Cross-Section Type I (b) Cross-Section Type II 
8"
21"
























(24) 0.6" dia. tendons
prestressed to 60% of ultimate
 
 (c) Cross-Section Type III (d) Cross-Section Type IV 




The mechanical properties of the individual materials (concrete, steel, and CFRP) 
used in this investigation were experimentally measured.  The concrete used to construct 
the RC T-beams was a normal strength ready-mix concrete supplied by a local concrete 
plant with an expected 28-day target strength of 4000 psi.  Meanwhile, the PC I-girders 
were constructed from a high strength concrete used by a local precast plant when 
constructing PC bridge girders for MoDOT.  The concrete compressive strength of each 
test specimen was periodically evaluated in accordance with ASTM C39 specifications 
[2005] using standard 6 inch × 12 inch cylinders collected during each casting.  The 
concrete compressive strengths measured for each specimen at the time of testing are 
summarized in Table 3.3 for the RC T-beam tests and Table 3.4 for the PC I-girder tests.   
 
 










RC-8-Control 18 2,800 
RC-12-Control 21 2,880 
2 
RC-8-S90-NA 13 3,060 
RC-8-S90-DMA 15 3,450 
3 
RC-12-S90-NA 13 4,190 
RC-12-S90-DMA 18 4,420 
4 
RC-12-S90-HS-PC 53 2,650 
RC-12-S90-SDMA-PC 40 2,780 
5 
RC-12-S90-SDMA-Cor 143 6,180 
RC-12-S45-NA 42 6,050 
6 
RC-12-S45-HS 18 3,850 
RC-12-S45-SDMA 29 4,230 
7 
RC-12-S90-NA-HM 10 3,710 
RC-12-S90-SDMA-HM 31 4,060 


















Deck Slab (psi) 
1 
T4-18-Control 124 9,930 N/A 
T4-12-Control 143 9,970 N/A 
2 
T4-18-S90-NA 172 10,020 N/A 
T4-18-S90-CMA 227 10,120 5,240 
3 
T4-18-S90-DMA 257 10,160 7,370 
T4-18-S45-DMA 276 10,190 7,840 
4 
T4-12-Control-Deck 571 10,660 10,730 
T4-12-S90-SDMA 585 10,330 10,810 
5 
T3-12-Control 12 8,890 8,520 
T3-12-S90-NA 18 8,910 8,760 
6 
T3-12-S90-NA-PC 30 9,470 8,670 
T3-12-S90-DMA 39 10,380 9,700 
7 
T3-18-Control 33 9,590 9,820 
T3-18-S90-NA 41 10,120 10,030 
8 
T3-18-S90-HS 100 10,190 10,900 
T3-18-S90-SDMA 107 10,430 11,280 
 
 
The steel reinforcement used to construct the RC T-beams consisted of Grade 40 
for the transverse shear reinforcement (used to mimic that of the Troy, New York bridge 
beams) and Grade 60 for the longitudinal and top flange confinement reinforcement.  
Steel reinforcements for the PC I-girders consisted of Grade 60 mild steel reinforcements 
and Grade 270 seven-wire prestressing strands.  Mechanical properties for the steel 
reinforcement were evaluated in accordance with ASTM A370 [2008] and are 
summarized in Table 3.5.  The FRP used for external strengthening consisted of uni-
directional carbon fiber sheets provided by Mbrace Systems [1998].  Mechanical 
properties for the CFRP as provided by the manufacturer and validated by coupon testing 





Table 3.5.  Mechanical properties of steel and CFRP reinforcements 
Girder 
Type 











#3 (Stirrups in web) 40 60 92 29000 
#3 (stirrups in flange) 60 78 106 29000 
#5 (flexural compression steel) 60 66 99 29000 
#11 (flexural tension steel) 60 71 108 29000 
PC 
#3 (stirrups) 60 65 99 26000 
#6 (flexural tension steel) 60 78 98 25800 
0.6 inch seven-wire strands 270 - 291 29100 
RC and 
PC 
CFRP sheets - - 550 33000 
 
 
3.4. TEST SET-UP 
The test set-up for all specimens consisted of a three point loading configuration 
as depicted in Figure 3.6 and Figure 3.7.  Each beam, except for the fatigue specimen, 
was designed to allow two distinct tests to be performed on each beam simply by 
rearranging to support and loading frames.  Load was applied using two hydraulic 
actuators operating in parallel at the furthest support (Section B-B of Figure 3.6 and 
Figure 3.7) under deformation control.  By using this loading configuration, the load 
demand on the actuators is minimized, thus allowing failure of the specimens to be 
achieved prior to reaching the load capacity limitations of the actuators.  Within the PC I-
girder tests, a few specimens required the actuators to be repositioned in order to increase 
the lever-arm and further reduce the load requirements on the actuators to achieve failure.  
The test region of the PC I-girder tests was also increased after testing of the first three 
specimens in order to preclude unfavorable failure modes which were contributed to deep 
beam (arch action) behavior as discussed in Section 4.2.2.  Table 3.6 lists the shear span 
and lever-arm distances employed for each PC I-girder specimen.  The test set-up also 
consisted of an additional external strengthening system composed of a series of HSS 
hollow steel sections and #11 Dywidag bars (Figure 3.6 and Figure 3.7).  This system 
was intended to prevent failure from occurring outside the designated test region and to 
protect the second test region from premature damage during testing of the first test 




































Lever-arm of Applied LoadTest Region6'
 
















Strengthening at Point A 
(see Figure 3.7) 
T4-18-Control 9 21 No 
T4-12-Control 9 21 No 
T4-18-S90-NA 9 21 No 
T4-18-S90-CMA 12 18 No 
T4-18-S90-DMA 12 18 No 
T4-18-S45-DMA 12 18 No 
T4-12-Control-Deck 12 21 Yes 
T4-12-S90-SDMA 12 21 Yes 
T3-12-Control 12 18 No 
T3-12-S90-NA 12 21 Yes 
T3-12-S90-NA-PC 12 21 Yes 
T3-12-S90-DMA 12 21 Yes 
T3-18-Control 12 18 Yes 
T3-18-S90-NA 12 21 Yes 
T3-18-S90-HS 12 21 Yes 
T3-18-S90-SDMA 12 21 Yes 
 
 
3.5. CFRP SHEAR STRENGTHENING APPLICATION 
All CFRP shear strengthening schemes consisted of discrete strips of CFRP 
applied in a U-wrap configuration.  Discrete strips of CFRP were used as opposed to 
continuous sheets of CFRP because of their advantage in allowing observation of crack 
propagation.  The U-wrap configuration was chosen based on the fact that it has been 
proven to be more efficient then side bonding applications and more practical then fully 
wrapping the cross-section.  The CFRP shear strengthening scheme for the RC T-beam 
tests consisted of 10 inch wide CFRP strips equally spaced so as to provide a five inch 
gap between strips to allow for the observation of crack patterns.  Meanwhile, the CFRP 
shear strengthening scheme for the PC I-girder tests consisted of 12 inch wide CFRP 
strips equally spaced so as to provide a six inch gap between strips for observing crack 
propagation.  The fiber orientation and CFRP shear reinforcement ratio were variables of 
the experimental test matrix as shown in Table 3.1 for the RC T-beam tests and Table 3.2 




To prepare the specimens for CFRP application, the surface of the test regions 
were first roughened in accordance with ICRI 03732 [1997].  For the RC T-beam 
specimens, a specialized concrete grinder with revolving head was used to achieve the 
appropriate surface roughness while also minimizing the amount of harmful dust 
produced in the lab.  For the PC I-girders, which were constructed at a local precast plant, 
sandblasting was employed to achieve appropriate surface roughness prior to being 
transported to the lab.  Sharp corners were also rounded to a radius of approximately one 
inch to prevent premature CFRP rupture.  Then the CFRP sheets were applied using the 
wet-layup technique detailed in Figure 3.8.  The procedure begins with the application of 
a primer (Figure 3.8(a)) which is designed to penetrate the fine pore structure of the 
concrete and enhance the bond of the FRP sheets to the concrete.  Once the primer 
becomes tacky, a layer of epoxy-based putty is applied to fill in any divots or small 
imperfections (Figure 3.8(b)).  After giving the putty ample time to become stiff and 
tacky, a layer of saturant is applied (Figure 3.8(c)).  Then, pre-cut sheets of CFRP are 
placed into position in the saturant and rolled with a ribbed steel roller to impregnate the 
carbon fibers with the saturant (Figure 3.8(d)).  Finally, a second layer of saturant is 
applied over top the CFRP sheets (Figure 3.8(e)).   
Using the same wet-layup technique, a sheet of CFRP was also applied to a small 
area outside each test region to provide a so-called bond test sampling area (Figure 3.8 
(f)).  This bond test sampling area was used to perform direct pull-off tests in accordance 
with ASTM D4541 [2003] to evaluate the FRP-concrete interface bond strength.  These 
direct pull-off tests were performed prior to testing of each CFRP strengthened specimen 
to check the quality of the bond achieved by each CFRP application.  The results of the 
direct pull-off tests were also checked for compliance with the ACI 440 specification 
[2008] which requires a minimum pull-off strength of 200 psi and that the specimen 






   
(a) Applying primer (b) Applying putty (c) Applying saturant 
   
(d) Applying CFRP 
sheets 
(e) Applying second coat of 
saturant 
(f) Bond test sampling area 
Figure 3.8.  CFRP application procedure 
 
 
3.6. ANCHORAGE SYSTEMS 
Four different anchorage systems were investigated to evaluate their ability to 
prevent the debonding associated with FRP shear strengthening.  These systems were 
installed along locations where debonding was expected to initiate.  The critical bond 
location occurs at the ends of the shear strengthening CFRP strips where the bond length 
is crucial.  For the PC I-girders, the curvature of the section along the web and bottom 
flange is another critical bond location arising from the fact that the tensile stresses that 
develop in the CFRP strips result in an outward pulling force.  The simplest of the four 
anchorage systems was the use of additional horizontal CFRP strips applied continuously 
along the test region at the critical bond locations (Figure 3.9).  This anchorage system 
consisted of bi-directional (+45º/-45º) CFRP strips applied immediately following 
application of the CFRP shear reinforcement to ensure better bond between the two sets 
of CFRP sheets.  The width of the CFRP anchorage sheets was designed based on the 
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estimated effective bond length of the CFRP shear reinforcement resulting in seven inch 





CFRP strip (continuous along test region)
10" 5"  










(b) PC I-girders 





Another strengthening system investigated consisted of continuous pre-cured 
CFRP plates anchored firmly in place with epoxy and concrete wedge anchors with two 
inches of embedment length (Figure 3.10).  The concrete wedge anchors were spaced at 
three inches center-to-center over the CFRP sheets and six inches center-to-center 
between CFRP sheets.  This system was only implemented once in the PC I-girder series 










(continuous along test region)
 
Figure 3.10.  Continuous pre-cured CFRP plate anchorage 
 
 
An alternative anchorage system to the continuous pre-cured CFRP plates was a 
discontinuous pre-cured CFRP plate anchorage system (Figure 3.11).  This system 
consisted of two CFRP plates bonded together with epoxy then anchored firmly in place 
with epoxy and either concrete wedge anchors (RC T-beam tests) or bolts running 
through the web (PC I-girder tests).  This system was demonstrated in various forms 









(a) RC T-beams 
Discontinuous pre-cured CFRP plates4"
Bolts thru Web
12" 6"  
(b) PC I-girders 
Figure 3.11.  Discontinuous pre-cured CFRP plate anchorage 
 
 
The final and most advanced anchorage system consisted of a modification to the 
discontinuous pre-cured CFRP plate anchorage system in which the ends of the CFRP 
shear reinforcement strips are wrapped around the first CFRP plate and overlapped with a 
second CFRP plate (Figure 3.12).  This detailing forms a layered connection which 
crimps the ends of the CFRP strips providing greater resistance to slippage of the strips 














 (a) RC T-beams (b) PC I-Girders 




The instrumentation used in each test consisted of a combination of strain gages, 
linear variable displacement transducers (LVDTs), string transducers, Demec mechanical 
strain disks, and load cells.  All devices, except for the Demec mechanical strain disks, 
where connected to a data acquisition system capable of recording measurements at one 
data point per second (i.e., 1 Hz).  Electric resistance strain gages were used to measure 
strains along the transverse and longitudinal steel reinforcement as well as at various 
locations along the depth and width of the CFRP shear reinforcements.  Due to the 
unpredictability of crack formation, the strain gage patterns varied as the number of strain 
gages used increased in efforts to better capture measurements along the cracks.  In 
general, each stirrup within the test region was instrumented with two or three strain 
gages along the web region.  The longitudinal reinforcement was typically equipped with 
a strain gage on both the compressive and tensile reinforcement at the reaction point and 
at various locations along the shear span (generally at midspan).  These were used to 
measure flexural stresses.  Strain gage patterns for the CFRP strips generally consisted of 
two rows of three strain gages across the width of the sheet to measure the strain 
variation.  In some cases, the loading sequence was paused so that additional strain gages 
could be applied to the CFRP strengthening along cracks that had developed.  The strain 
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gage patterns for both the steel and CFRP reinforcements are provided in Appendix C for 
the RC T-beams and Appendix D for the PC I-girders.   
A specialized system was designed to anchor 21 LVDTs to the web of the girders 
forming of a series of strain rosettes within the test region (Figure 3.13 and Figure 3.14).  
This system was used to evaluate shear strains and principal strains within the critical 
shear span.  The placement of this system was designed to be centered at mid-depth of 
the girder webs and to occupy the midspan region of the critical shear span.  More 
specific details are provided in Appendices C and D.  Beneath the LVDT strain rosettes, a 
series of five equally spaced LVDTs (denoted as DF1, DF2, DF3, DF4, and DF5) were 
used to measure vertical displacements along the shear span (Figure 3.13 and Figure 
3.14).  Two more LVDTs (denoted as CVT and CVB) were used to measure flexural 
curvature strains near the top and bottom of the section at the point of maximum moment 
as shown in Figure 3.13 and Figure 3.14.  The rigidity of the test set-up was also 
monitored using two LVDTs (denoted as DFROL and DFR) to measure deformations at 
the roller support and reaction frame (Figure 3.13 and Figure 3.14).   
Another system consisting of Demec mechanical strain disks glued to the opposite 
side of the web were used as a secondary measure for evaluating the shear strains.  This 
system involves manual measurements of displacement between two disks which are 
initially positioned at a gage length of 7.87 inches (i.e., 200 mm).  The application of load 
to the specimens was paused in several steps along the loading history to obtain these 
measurements.  The first pattern was designed as a square grid that was intended to 
coincide with the LVDT rosette measurements on the opposite side of the web (Figure 
3.15).  This pattern was implemented on a few of the early PC girders, which were the 
first to be tested, and was found to be too cumbersome so it was modified to a simpler 
pattern as shown in Figure 3.16 and Figure 3.17.  The pattern was modified to a circular 
grid which reduced the number of disk required to create a rosette.  This pattern was used 
throughout the remainder of the tests.  The placement of this new circular rosette pattern 
was designed to have a horizontal orientation coinciding with the location of the internal 
steel stirrups (i.e., the vertical measurements taken at the position of the steel stirrups 
along the shear span) and a vertical orientation coinciding with the mid-depth of the 
webs.  More details are provided in Appendices C and D. 
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(a) Instrumentation in test region 
18"
V1 V2 V3 V4 V5
HT1 HT2 HT3 HT4




















(b) LVDT strain rosette 
 
(c) Photo of actual instrumentation in test region 
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(b) LVDT strain rosette 
 
(c) Photo of actual instrumentation in test region 































































(b) RC T-beams with 12” stirrup spacing 













(b) PC I-girders with 18” stirrup spacing 
Figure 3.17.  Demec strain rosette for PC I-girders – circular pattern 
 
 
Three string transducers (denoted as DF-L-W, DF-L-M, and DF-L-E) were used 
to measure vertical displacements at the actuator loading point as shown in Figure 3.18.  
The outside string transducers (DF-L-W and DF-L-E) were also used to monitor and 
correct for any rotation that might be induced by the use of dual actuators to induce 
loading.  The applied shear forces were measured and recorded by a load cell at the 
reaction frame (Figure 3.18(a)).  In addition, load cells built-in to the actuators were used 
to measure and record the loading history applied by the actuators.  Additional string 








(a) Section A-A (reaction frame) (b) Section B-B (loading frame) 
Figure 3.18.  Section view of (a) reaction frame and (b) loading frame 
 
 
3.8. FATIGUE TESTING PROTOCOL 
One fatigue test was performed on an RC T-beam specimen to evaluate the 
performance of externally bonded FRP shear strengthening under repeated cyclic loading.  
The specimen for fatigue testing was identical to specimen RC-12-S90-NA, in order to 
provide a baseline for comparison of the results.  Since only one test region was needed, 
the length of the beam was reduced to 28 feet (Figure 3.19).  An un-anchored FRP 
strengthening application was adopted based on the reasoning that: (1) un-anchored 
systems are more universally accepted and utilized, (2) the anchoring mechanism used in 
this project may not be the ideal system, (3) testing of an anchored system may not yield 
conclusive results on the performance of the FRP-concrete bond and FRP strengthening 
system, and (4) if and when debonding were to initiate during fatigue testing of the un-
anchored system, the usefulness of continuing the fatigue test with the un-anchored 
system or ridding the specimen of the un-anchored FRP system and equipping it with an 
anchored system for further fatigue loading could be revisted.   
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The loading protocol consisted of an initial static loading up to 60% of the 
estimated strengthened capacity of the specimen (based on results of specimen RC-12-
S90-NA) and subsequent unloading to determine the initial stiffness at virgin state.  The 
specimen was then subjected to cyclic fatigue loading between 30% and 60% of the 
estimated capacity of the specimen at a frequency of 1 Hz and installments of 
approximately 500,000 cycles for a total of 2 million cycles.  A frequency of 1 Hz was 
selected based on the capabilities of the actuators for achieving the expected deformation.  
At the completion of each 500,000 cycles, a static loading up to 60% of the estimated 
shear capacity of the strengthened specimen was carried out to monitor degradation of 



















4. EXPERIMENTAL RESULTS AND DISCUSSION 
4.1. RC T-BEAMS 
4.1.1. General.  The overall results for the RC T-beam series of testing are 
summarized in Table 4.1.  Shear forces recorded at cracking correspond to the first 
observation of shear cracks in the web and are also associated with the shear force at 
which the CFRP and stirrups begin to take load as measured by strain gages.  The shear 
crack angles represent the general orientation of the principal shear crack failure plane.  
Crack development patterns are provided in Appendix I for the RC T-beams and 
Appendix J for the PC I-girders.  It is noted that all the critical crack angles were found to 
be less than 45° as is often assumed by most analytical models and design specifications.  
Shear forces measured at failure represent the ultimate or peak shear force achieved by 
each specimen.   
Comparison of the ultimate shear force between CFRP strengthened specimens 
and the corresponding control specimen shows that the CFRP strengthening schemes 
were effective in enhancing the shear capacity of the girders.  Similarly, CFRP 
strengthening schemes with mechanical anchorage are shown to be more effective in 
comparison to specimens strengthened only with CFRP.  However, it is important to note 
that direct comparison of these test results has little meaning since the concrete strength 
varies between specimens as shown in Table 3.3.   Such variation in concrete strength 
means that the concrete contribution to shear resistance will also vary between 
specimens.  As a consequence, the CFRP contribution to shear resistance cannot be 
clearly defined from the results as they are presented in Table 4.1.  Instead, these results 
will be normalized with respect the concrete strength of the corresponding control 
specimen as discussed in Section 4.1.5.  By normalizing the test results with respect to 
the concrete strength, the variance in the concrete contribution can be essentially 
removed from the test data so that a reasonable measure of the shear strengthening effect 
can be quantified. 
4.1.2. Failure Modes.  All RC T-beams were observed to fail in a diagonal 
tension failure mode (failure mode – DT) along a critical shear crack.  The diagonal 
tension failure mode is generally characterized by the yielding of all tensile reinforcement 
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crossing the critical shear crack as a result of large crack openings.  In the case of beams 
strengthened with FRP shear reinforcements, the FRP crossing the critical shear crack 
will either debond (failure mode – D) or rupture (failure mode – R).  These two failure 
modes are specific to the FRP strengthening, but they can have a significant effect on the 
overall failure mode of the beam.  Debonding was generally always observed to some 
degree.  The severity of debonding governs the effectiveness of an externally bonded 
FRP sheet or strip.  Debonding can include failure of the adhesive (epoxy) at the 
concrete-FRP interface or, as was more often observed in this investigation, peeling of 
the concrete attached to externally bonded FRP (Figure 4.1).  With exception for the 
specimen tested in negative moment (RC-12-S90-NA-HM), all CFRP strengthened 
specimens without anchorage systems failed in diagonal tension after complete 
debonding of the CFRP strips crossing the critical shear crack.  The additional anchorage 
offered by applying horizontal CFRP strips or the discontinuous mechanical anchors 
delayed this debonding failure mode, but could not prevent it entirely.  
 
 
















RC-8-Control 58 30 154 DT 
RC-12-Control 59 29 125 DT 
RC-8-S90-NA 68 30 191 D + DT 
RC-8-S90-DMA 57 35 212 D + DT 
RC-12-S90-NA 70 32 174 D + DT 
RC-12-S90-DMA 70 31 205 D + DT 
RC-12-S90-HS-PC 61 30 187 D + DT 
RC-12-S90-SDMA-PC 61 40 214 R + DT 
RC-12-S90-SDMA-Cor 91 27 268 R + DT 
RC-12-S45-NA 91 31 219 D + DT 
RC-12-S45-HS 90 30 181 D + DT 
RC-12-S45-SDMA 89 37 203 R + DT 
RC-12-S90-NA-HM 96 32 186 R + DT 
RC-12-S90-SDMA-HM 121 31 229 R + DT 
RC-12-S90-NA-Ftg 60 34 143 D + DT 




Figure 4.1.  Debonding failure mode (RC-8-S90-NA) 
 
 
If sufficient anchorage is provided so that the severity of debonding is limited, 
FRP rupture failures will occur.  FRP rupture is characterized by breaking of the FRP 
fibers along the critical shear crack as a result of excessive straining (Figure 4.2).  Greater 
increases in shear capacity are achieved when the failure mode of the FRP is governed by 
rupture rather than debonding.  The specimens with discontinuous mechanical anchorage 
systems having sandwich wrapped ends (SDMA) failed in diagonal tension after rupture 
of the CFRP strips along the critical shear crack.  Specimen RC-12-S90-NA-HM, which 





Figure 4.2.  FRP rupture failure mode (RC-12-S45-SDMA) 
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4.1.3. Shear Force-Displacement Relationships.  Figure 4.3 shows the shear 
force-displacement relationships measured for each specimen which are subdivided into 
groups of specimens sharing common traits.  In general, all specimens show a similar 
stiffness prior to the initiation of cracking which is to be expected since FRP 
strengthening is a passive system that is only activated after shear cracks have developed.  
The two control specimens are presented in all figures to provide a baseline reference.  
Comparison of the control specimens shows that RC-8-Control (specimen with stirrups 
spaced at 8 inches) has higher shear capacity and stiffness after cracking than specimen 
RC-12-Control (specimen with stirrups spaced at 12 inches) as expected.   
The first group of curves (Figure 4.3(a)) is the RC-8-Specimens which all have 
stirrups spaced at eight inches.  The shear force-displacement curves for these specimens 
show that the FRP strengthened specimen (RC-8-S90-NA) had higher strength and 
greater stiffness after cracking when compared to the corresponding control specimen 
(RC-8-Control).  Meanwhile, the mechanically anchored specimen (RC-8-S90-DMA) 
showed similar stiffness but improved shear strength when compared to the un-anchored 
specimen (RC-8-S90-NA).  It is also pointed out that the actuator displacements 
corresponding with the peak shear capacity of each specimen (from here on used as a 
measure indicating the ductility of the members) are similar with only a slight increase in 
actuator displacement for the FRP strengthened specimens.  This indicates that the FRP 
strengthening and discontinuous mechanical anchorage system did not significantly affect 
the ductility of the members. 
The second group (Figure 4.3(b)) consists of the corresponding RC-12-Specimens 
which all have stirrups spaced at 12 inches.  Similar to the RC-8-Specimens, the FRP 
strengthened specimen (RC-12-S90-NA) is found to exhibit higher strength and greater 
stiffness after cracking when compared to the corresponding control specimen (RC-12-
Control).  Furthermore, the mechanically anchored specimen (RC-12-S90-DMA) is 
found to exhibit similar stiffness but improved shear strength when compared to the 
unanchored specimen (RC-12-S90-NA).  The ductility is also found to be relatively un-
influenced by the FRP strengthening and discontinuous mechanical anchorage system. 
The third group (Figure 4.3(c)) consists of the pre-cracked and corrosion 
specimens.  These specimens exhibit similar stiffness after cracking which was greater 
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than that of the corresponding control specimen (RC-12-Control).  Specimen RC-12-S90-
HS-PC, which had horizontal FRP strips for anchoring the FRP strengthening, showed 
higher strength but similar ductility to that of the corresponding control specimen (RC-
12-Control).  Meanwhile, the sandwich discontinuous mechanical anchorage system of 
specimen RC-12-S90-SDMA-PC provided even greater strength with subtle 
improvement in ductility.  The corrosion specimen (RC-12-S90-SDMA-Cor) provided 
the highest strength and ductility which is largely contributed to the much higher concrete 
strength of this specimen in comparison to the others. 
The fourth group (Figure 4.3(d)) consists of the specimens with 45º FRP 
applications.  These specimens exhibit similar stiffness after cracking which was greater 
than that of the corresponding control specimen (RC-12-Control).  The un-anchored 
specimen (RC-12-S45-NA) exhibited the highest strength and ductility.  Meanwhile, the 
application of horizontal FRP strips (RC-12-S45-HS) was found to provide higher 
strength and similar ductility to that of the corresponding control specimen (RC-12-
Control) but less than that of the un-anchored specimen (RC-12-S45-NA).  The sandwich 
discontinuous mechanical anchorage system of specimen RC-12-S45-SDMA provided 
greater strength than the horizontal FRP strip anchorage of specimen RC-12-S45-HS but 
less than that of RC-12-S45-NA.  Its ductility, however, was similar to that of RC-12-
S45-NA. 
The last group (Figure 4.3(e)) consists of the specimens subjected to negative 
bending moment.  These specimens were also found to exhibit a similar stiffness after 
cracking which was greater than that of the corresponding control specimen (RC-12-
Control).  The un-anchored specimen (RC-12-S90-NA-HM) exhibited higher strength 
and a slight improvement in ductility as compared to the control specimen (RC-12-
Control).  The sandwich discontinuous mechanical anchorage system of specimen RC-
12-S90-SDMA-HM provided further improvement of strength and ductility. 
The general trend of these results indicate that FRP shear strengthening can be 
used to provide significant increases in shear capacity while only marginal improvements 
in ductility, if any, can be expected.  Furthermore, the use of mechanical anchorage is 
generally observed to further improve strength and ductility with the sandwich 










































































































































































(e) Negative moment specimens 





4.1.4. Shear Component Analysis.  A shear component analysis was conducted 
to decouple the total shear resistance into three individual contributions coming from 
concrete (Vc), steel stirrups (Vs), and CFRP strips (Vf).  This analysis was performed by 
considering crack-based free-body diagrams (Figure 4.4) along which equilibrium must 
be satisfied between the externally applied shear force and internal shear resistance 
provided by concrete, steel stirrups, and CFRP strengthening.  Selection of the 
appropriate free-body diagrams were based on crack patterns at failure of the specimens.  
The widest cracks were considered to be the critical shear cracks and were chosen for the 
boundary of the free-body diagrams.  Only those stirrups and CFRP strips which crossed 
the critical shear crack were considered to provide shear resistance.  The contributions 
from the steel stirrups and CFRP strengthening were evaluated from equations 4-1 and 4-
2 respectively using strain gage measurements taken closest to the critical shear cracks.  
Strains measured in the steel stirrups are provided in Appendix E for the RC T-beams and 
Appendix F for the PC I-girders.  Strain measurements for the FRP strips are provided in 
Appendix G for the RC T-beams and Appendix H for the PC I-girders.  For the FRP 
strips, an average strain (εfi,ave), as shown in Figure 4.5, is determined since the strain 
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Figure 4.5.  Example of procedure for determining average strain in each FRP strip 
 
 
The concrete contribution is difficult to measure experimentally because it is 
considered to encompass the remaining shear resistance mechanisms discussed in Section 
2.2 (i.e., concrete in the tension zone, concrete in the compression zone, interface shear 
transfer, dowel action, flexural reinforcement, and arch actions).  For this analysis, the 
concrete contribution was considered to account for the difference between the applied 
shear force (Vn,exp) and the combined contributions of the steel stirrups and CFRP (Vs + 
Vf) as given by equation 4-3 in order to satisfy equilibrium. 
 
 ,expc n s fV V V V        (4-3) 
 
Figures 4.6 through 4.10 show the results of the shear component analysis for the 
RC T-beam specimens.  In these diagrams, the horizontal axis represents the shear force 
applied to the test specimens and the vertical axis represents the shear contribution of 
each component.  These figures show that the contribution from stirrups and CFRP is 
negligible prior to the initiation of web shear cracking (i.e., except for the pre-cracked 
specimens in which case the stirrups and CFRP begin taking load from the beginning of 
the loading history).  The applied shear force is thus carried primarily by the concrete 
contribution (Vc).  Upon onset of diagonal cracking, a portion of the applied shear forces 
are transferred to the steel stirrups and CFRP strips as shown by a sudden jump in the 
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shear contribution responses (Vs and Vf  respectively).  In the case of specimen RC-12-
S90-SDMA-HM, the critical shear crack occurred near the reaction point thus an 
additional shear component, Ve, is considered to account for the significant effect of the 










































































































Figure 4.6.  Shear component diagrams – RC T-beams with 8” stirrup spacing 
 
 
After the onset of cracking, the stirrups and CFRP strips continue to take load, as 
indicated by the gradual increase in shear contribution, until yielding of the stirrups or 
debonding/rupture of the CFRP strips occurs.  Yielding of the stirrups is indicated by a 
plateau (leveling off) in the shear contribution response for Vs.  Sudden or gradual drops 
in the CFRP contribution responses signify debonding or rupture of the CFRP strips.  The 
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severity of debonding or rupture is reflected by the magnitude of the drops in the shear 
contribution response occurring along the load history.  At the peak load, the beam fails 
as a result of complete debonding or rupture of the CFRP strips in the case of the 
strengthened specimens or as a result of yielding of the stirrups in the un-strengthened 















































































































































































































































































































































































































 (a) RC-12-S90-NA-HM (b) RC-12-S90-SDMA-HM 




4.1.5. Normalized Concrete Strength Analysis.  As previously noted in Section 
4.1.1, the ultimate shear resistance measured at failure of the specimens cannot be 
directly used to evaluate the CFRP strengthening effect.  This is because these results 
also include variability in the concrete contribution (Vc) due to differences in concrete 
strength.  The concrete contribution has been defined for each specimen from the shear 
component analysis.  To remove its effects on the test results, the concrete contribution 
has been normalized with respect to the concrete strength of the corresponding control 
specimen and a new shear resistance is defined using equation 4-4.  The results of this 
















      (4-4) 
 
 



















RC-8-Control 73.0 80.8 - 1.00 153.8 - 
RC-12-Control 65.9 58.8 - 1.00 124.7 - 
RC-8-S90-NA 85.0 65.1 41.2 1.05 187.7 33.9 (22%) 
RC-8-S90-DMA 110.4 55.8 45.8 1.11 201.0 47.2 (31%) 
RC-12-S90-NA 98.8 41.0 34.2 1.21 157.1 32.4 (26%) 
RC-12-S90-DMA 108.0 38.3 59.1 1.24 184.5 59.9 (48%) 
RC-12-S90-HS-PC 87.9 38.3 61.3 0.96 191.2 66.5 (53%) 
RC-12-S90-SDMA-PC 113.2 42.4 58.3 0.98 216.0 91.3 (73%) 
RC-12-S90-SDMA-Cor 98.2 72.3 97.4 1.46 236.8 112.1 (90%) 
RC-12-S45-NA 57.7 43.5 117.5 1.45 200.8 76.1 (61%) 
RC-12-S45-HS 52.9 41.1 87.0 1.16 173.8 49.1 (39%) 
RC-12-S45-SDMA 37.3 41.8 123.9 1.21 196.5 71.8 (58%) 
RC-12-S90-NA-HM 77.7 51.0 57.2 1.13 176.7 52.0 (42%) 





From these results, the increase in shear capacity attributed to CFRP 
strengthening (identified as shear gain in Table 4.2) was determined as the difference in 
the normalized shear strength between each CFRP strengthened specimen and the 
corresponding control specimen.  These results show that the CFRP strengthening 
provided significant increases in the shear capacity of the girders.  Specimens RC-8-S90-
NA and RC-12-S90-NA achieved similar shear gains of 33.9 kips and 32.4 kips 
respectively.  However, in terms of percentage of the ultimate strength of the 
corresponding control specimens, the shear gain is 22% for RC-8-S90-NA and 26% for 
RC-12-S90-NA.  Meanwhile, specimens RC-8-S90-DMA and RC-12-S90-DMA had 
shear gains of 47.2 kips and 59.9 kips respectively.  These shear gains correspond to a 
31% increase in shear capacity for RC-8-S90-DMA and 48% increase for RC-12-S90-
DMA in terms of percentage of the ultimate strength of the corresponding control 
specimens.   
These results show that the use of mechanical anchorage improves the 
effectiveness of FRP shear strengthening.  These results also suggest that the 
effectiveness of FRP shear strengthening is reduced with increase in the transverse steel 
reinforcement ratio as indicated by the higher shear gain percentages for RC-12-Series 
specimens as compared to RC-8-Series specimens.  However, these results alone are not 
sufficient to make firm conclusions in regards to the stirrup influence on FRP shear 
strengthening effectiveness, especially since the difference in shear gain is not that 
significant among the un-anchored specimens.  It is also noted that the mechanical 
anchorage of RC-8-S90-DMA did not perform as well as that of RC-12-S90-DMA in that 
the CFRP strips where observed to slip from underneath the anchorage plates allowing 
for earlier failure by debonding.  This was contributed to incomplete bonding between the 
CFRP strips and anchorage plates.  If this slippage had been avoided, the difference in 
shear gain between RC-8-S90-DMA and RC-12-S90-DMA might also have been very 
small.  To further demonstrate the perceived interaction between externally bonded FRP 
and internal steel stirrups, the steel stirrup contribution is compared among the RC-8-
Series specimens in Figure 4.11(a) and among the RC-12-Series specimens in Figure 
4.11(b).  In these figures, the shear contribution of the stirrups is shown to decrease with 
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the application of FRP shear strengthening and a further decrease is observed when the 






























































 (a) RC-8-series (b) RC-12-series 
Figure 4.11.  Shear contribution of stirrups 
 
 
The presence of pre-existing cracks or corrosion damage did not seem to 
significantly impair the effectiveness of the CFRP shear strengthening as gauged by the 
results of specimens RC-12-S90-HS-PC, RC-12-S90-SDMA-PC, and RC-12-S90-
SDMA-Cor.  However, the exact effects of the pre-existing cracks and corrosion damage 
cannot be defined since these specimens also contain different mechanical anchorage 
systems for which there is no reference beam for comparison except among themselves.  
One such comparison is between specimens RC-12-S90-HS-PC and RC-12-S90-SDMA-
PC in which case the only difference is the mechanical anchorage (i.e., horizontal CFRP 
strips versus discontinuous mechanical anchorage system with sandwich wrapped ends).  
From this comparison, the discontinuous mechanical anchorage system with sandwich 
wrapped ends is proven to be much more effective than the use of horizontal CFRP strips.  
However, despite whatever adverse effects the pre-existing cracks might have had, the 
horizontal CFRP strips proved to be slightly more effective than the regular 
discontinuous mechanical anchorage system of specimen RC-12-S90-DMA.  Another 
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comparison can be made between specimens RC-12-S90-SDMA-PC and RC-12-S90-
SDMA-Cor in which case the only difference is the type of damage endured prior to 
strengthening (i.e., pre-existing cracks versus corrosion).  From this comparison, it can be 
said that the presence of pre-existing cracks have a greater impact on the CFRP shear 
strengthening effectiveness than the presence of mild corrosion damage as indicated by a 
lower shear gain for the pre-cracked specimen. 
The results of specimen RC-12-S45-NA demonstrate the advantage of orienting 
the fibers of the FRP strengthening material orthogonal, or as nearly as possible, to the 
shear cracks.  This specimen exhibited a shear gain of 61% which is more than double 
that of specimen RC-12-S90-NA in which the fibers were perpendicular to the axis of the 
beam.  It should also be noted that the strip width and spacing between strips was 
identical for both the 45º and 90º fiber orientations and thus the reinforcement ratio (ρf) is 
actually smaller for the 45º fiber orientation specimens.  Maintaining a constant FRP 
reinforcement ratio would have required the equivalent of a continuous FRP 
strengthening scheme in the case of 45º fiber orientations and thus would have prevented 
the observation of crack propagations.  A more meaningful comparison can be made if 
the FRP contribution is normalized to account for such difference in reinforcement ratio.   
To normalize the results with respect to the CFRP reinforcement ratio, the FRP 
contribution for specimens with 45º CFRP application are multiplied by a ratio of the 90º 
reinforcement ratio to the 45º reinforcement ratio as shown in Table 4.3.  The result 
shows that an even greater difference in shear gain could be expected for specimens with 
45º fiber orientation if the reinforcement ratio had been equivalent to that of specimens 
with 90º fiber orientation.  The anchored specimens, RC-12-S45-HS and RC-12-S45-
SDMA, also exhibited significant shear gains; however, the shear gain of these specimens 
was less than that of the corresponding un-anchored specimen (RC-12-S45-NA) for 
reasons which cannot be explained.  If the impact of pre-existing cracks is assumed 
minimal as previously discussed, comparison can also be made between the results of 
specimens RC-12-S90-HS-PC (53% shear gain) and RC-12-S45-HS (68% shear gain) 
which further demonstrates that fibers oriented at 45º are more effective.  Similarly, the 
results of specimens RC-12-S90-SDMA-PC (73% shear gain) and RC-12-S45-SDMA 
(99% shear gain) can be compared to arrive at the same conclusion. 
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RC-12-S45-NA 57.7 43.5 117.5 1.45 1.41 249.4 
124.7 
(100%) 
RC-12-S45-HS 52.9 41.1 87.0 1.16 1.41 209.8 
85.1 
(68%) 





The effects of a negative bending moment were investigated through specimens 
RC-12-S90-NA-HM and RC-12-S90-SDMA-HM.  If the normalized results of specimen 
RC-12-S90-NA-HM are compared to that of RC-12-S90-NA, a 16% increase in shear 
gain should be contributed to the effects of the negative bending moment.  However, 
similar comparison between specimens RC-12-S90-SDMA-HM and RC-12-S90-SDMA-
PC indicates a 3% decrease in shear gain for the negative bending moment specimen.  
Such comparisons indicate that the negative bending moment has little effect on the FRP 
contribution to shear resistance. 
4.1.6. Effects of Cyclic Loading.  Figure 4.12 shows the load and deflection 
range for the fatigue test.  Despite changes in the stiffness of the specimen, only a 
minimal amount of drift from the target load range is observed at approximately 1 million 
cycles (Figure 4.12(a)).  Figure 4.12(b) shows the damage growth in terms of 
accumulated deflections at the loading point (i.e., actuators).  Both the minimum and 
maximum deflection boundaries are displayed.  From this figure the damage endured by 
the specimen is shown to be minimal up to approximately 1 million cycles.  The bulk of 
the damage is observed to be endured between 1 and 1.5 million cycles which is 
associated with extensive debonding of the FRP strengthening.  The upper limit of 
deflection increased by approximately 173% while the lower limit increased by 
approximately 134%.  The range between the minimum and maximum deflection did not 
change significantly indicating only a moderate change in the stiffness.  After 1.5 million 







































Number of Cycles  
 (a) Maximum and minimum load range (b) Damage growth of deflections 
Figure 4.12.  Fatigue test load and deflection range 
 
 
Figure 4.13 shows the maximum and minimum strain ranges measured at the top 
middle and bottom middle portions of all FRP strips with strip 1 being that closest to the 
reaction and strip 6 closest to the floor support.  These strains were measured from a 
series of three strain gages mounted at the top and bottom thirds of each FRP strip.  All 
strips, except for FRP strip number 6, indicate some level of debonding from as early as 
300,000 cycles.  However, the most significant debonding may be inferred at about 1 
million cycles.  In most cases, the strain at the top of the strip was larger than that at the 
bottom throughout most of the fatigue load history. 
As previously mentioned in Section 3.8, the fatigue loading was implemented in 
installments of 500,000 cycles with static tests between each installment to evaluate 
stiffness degredation.  Figure 4.14 shows the shear force-displacement curves for each 
static loading in which a moderate loss in stiffness is observed.  The larges change in 
stiffness is observed to occur after 1.5 million cycles.  A 32% change in stiffness was 
calculated between the virgin specimen and that after 2 million cycles.  At the completion 
of the 2 million cycles, the specimen was monotonically loaded to failure.  The maximum 
shear capacity was 143 kips which is greater than the corresponding control specimen 
(RC-12-Control), however, this is most likely due to a higher concrete strength.  
Comparison with the reference FRP strengthened specimen (RC-12-S90-NA), for which 
the concrete strengths are comparable, shows a loss of only 31 kips contributed to the 
effects of cyclic loading.  This difference in shear capacity is rather small considering the 
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long duration of cyclic loading and fairly severe loading conditions endured by the 
fatigue specimen. Thus, it can only be assumed that the FRP strengthening helped 
alleviate fatigue stressing of the steel stirrups allowing them to remain effective after 2 
















































































































































































 (a) FRP strip 5 (b) FRP strip 6 




Figure 4.14.  Shear force-displacement response for fatigue specimen 
 
 
It is further noted that the fatigue specimen was subjected to a loading range 
between 30% and 60% of the estimated strengthened capacity, which translates to a range 
of approximately 42-84% of the un-strengthened beam capacity.  While debonding was 
observed to initiate after only 350,000 cycles and grow steadily over the course of the 
fatigue test, it is important to note that the specimen survived the 2 million fatigue cycles 
without failure.  A similar un-strengthened specimen is not expected to have survived 
such a high level of fatigue loading, because the stress range in the steel reinforcement 
would have been well above the yield point.  However, after 1.0 million cycles, one can 
consider the fatigue specimen investigated in this study as one without any FRP shear 
strengthening due to the severe state of debonding endured.  Though debonding of FRP 
occurred at well below the 2 million cycles, the FRP strips delayed the onset of yielding 
in the stirrups as evaluated by comparison with the reference specimen (RC-12-S90-NA) 
and therefore resulted in higher overall performance for the RC specimen.  It is also 
important to note the effect of crack openings on the debonding of FRP strips and the 
fatigue behavior of FRP-strengthened RC beams.  Since some yielding of the stirrups 
occurred during the initial static test, cracks were allowed to grow without bound and 
thus FRP bond was fully engaged and severely worked during fatigue loading. 
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From this test it is concluded that if the stresses in the steel stirrups are below the 
yield point prior to FRP strengthening, the FRP can help further delay the onset of 
yielding and prevent fatigue failure of the beam in shear.  Alternatively, if the stirrups 
have already yielded prior to an FRP strengthening intervention, the application of FRP 
will not considerably reduce the stresses in the steel stirrups but may help to contain them 
to prevent catastrophic failure. 
 
 
4.2. PC I-GIRDERS 
4.2.1. General.  Results from the PC girders were inconclusive in identifying 
shear gains related to CFRP strengthening.  The overall results are summarized in Table 
4.4.  Shear forces recorded at cracking correspond to the first observation of shear cracks 
in the web and are also associated with the shear force at which the CFRP and stirrups 
begin to take load.  The shear crack angles represent the general orientation of the 
principal shear crack resulting in failure.  It is noted that all the critical crack angles were 
found to be much less than 45° as is often assumed by most analytical models and design 
specifications.  Shear forces measured at failure represent the ultimate limit state or peak 
shear force achieved by each specimen.  It is important to remember that because the 
section varies among the experimental specimens, direct comparison of the test results 
should be limited to those specimens sharing a common cross-sectional configuration.  
Comparison of the maximum (failure) shear forces shows that the application of CFRP 
did not generally increase the ultimate shear resistance of the girders. 
However, the experimental results for cross-section type II show the effectiveness 
of various mechanical anchorage systems and fiber orientations as demonstrated by 
comparison of the ultimate shear strengths.  For instance, comparing the ultimate 
strengths of specimens T4-18-S90-CMA (229 kips) and T4-18-S90-DMA (244 kips) it is 
seen that the discontinuous mechanical anchorage system was able to provide 15 kips of 
additional shear resistance.  This is due to the poor anchorage performance of the 
continuous mechanical anchorage system as will be discussed in Section 4.2.2.  Similar 
comparison between specimens T4-18-S90-DMA (244 kips) and T4-18-S45-DMA (255 
kips) shows that an additional 11 kips was achieved by orienting the fibers at 45 degrees 
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relative to the beam axis.  It is important to also remember that the CFRP shear 
reinforcement ratio is less for specimen T4-18-S45-DMA (ρf = 0.0010) as compared to 
T4-18-S90-DMA (ρf = 0.0014) thus the increase in shear resistance must be contributed 
to optimization of the CFRP orientation.  Specimen T4-12-Control-Deck was intended to 
serve as a control specimen for the cross-section type II specimens.  By comparing the 
results for T4-12-Control-Deck (245 kips) and T4-12-Control (202 kips) the contribution 
of the added deck slab is shown to be 43 kips.  If it is assumed that a similar increase in 
shear strength would be developed for a cross-section type II girder with stirrups at 18 
inches, a corresponding control specimen would be expected to have an ultimate shear 
resistance of approximately 249 kips based on the results of specimen T4-18-Control.  
Based on this assumption, it can be said that specimens T4-18-S90-CMA and T4-18-S90-
DMA suffered a loss in shear resistance as a result of CFRP strengthening while 
specimen T4-18-S45-DMA could be said to have obtained a shear gain of 6 kips.  Lastly, 
a comparison of specimens T4-12-Control-Deck (245 kips) and T4-12-S90-SDMA (258 
kips) shows that an increase of 13 kips can be contributed to the CFRP strengthening 
system with sandwich discontinuous mechanical anchorage system. 
4.2.2. Failure Modes.  A variety of failure modes were observed among the PC 
girder specimens as shown in Table 4.4.  Some of the specimens exhibited multiple 
failure modes either simultaneously or consecutively.  For the girders with cross-sectional 
types I and II, the ultimate limit state was always defined by shear cracks which 
propagated up the web toward the top flange at which point they turned and ran 
horizontally along the longitudinal compression reinforcement (failure mode – TF).  This 
failure mode was caused by the moderate amount of compression reinforcement (i.e., 8 - 
#8 bars) which was observed to buckle under the large compressive stresses and lack of 
confinement in the top flange (Figure 4.15).  This type of failure mode does not 
significantly benefit from FRP shear strengthening as seen from the experimental results.  
Cross-sectional type II girders were developed by adding a deck slab to the cross-
sectional type I girders in an attempt to prevent such undesirable failure modes.  
Additional measures included increasing the shear span to preclude arch action behavior 
and complete wrapping of the section with CFRP near the reaction point to increase 
confinement.  These measures had limited success as discussed in Section 4.2.1. 
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T4-12-Control 139 32 202 TF 
T4-18-Control 140 26 206 TF 
T4-18-S90-NA 149 21 193 D + TF 
II 
T4-18-S90-CMA 136 25 229 D + MA + TF 
T4-18-S90-DMA 161 24 244 D + LR + TF 
T4-18-S45-DMA 161 32 255 D + TF 
T4-12-Control-Deck 141 26 245 TF 
T4-12-S90-SDMA 108 30 258 TF 
III 
T3-12-Control 126 23 253 SC 
T3-12-S90-NA 130 22 271 D + WC 
T3-12-S90-NA-PC N/A 21 239 D + WC 
T3-12-S90-DMA 115 25 249 SC 
IV 
T3-18-Control 120 21 252 DT 
T3-18-S90-NA 153 15 216 D + DT 
T3-18-S90-HS 133 26 221 D + DT 
T3-18-S90-SDMA 141 33 235 D + DT 
Note:  TF = top flange failure, D = debonding of FRP, MA = mechanical anchorage 
            failure, LR = limited FRP rupture, WC = web crushing, SC = stress 









Debonding (failure mode – D) was observed in most of the specimens 
strengthened with CFRP (Figure 4.16).  In the case of PC girders, peeling of the concrete 
attached to externally bonded CFRP was much more severe.  The loss of concrete section 
associated with such debonding can have significant consequences on the ultimate limit 
state; specifically in thin webbed girders where it can reduce the resistance of the 




   
Figure 4.16.  Debonding failure mode (T4-18-S90-NA) 
 
 
Mechanical anchorage failure (failure mode – MA) was really only observed in 
specimen T4-18-S90-CMA.  The continuous mechanical anchorage system used for this 
specimen was found to perform poorly due to buckling of the continuous CFRP plates in 
the compression zone as shown in Figure 4.17.  It was also found that the embedment 
length of the concrete wedge anchors used to anchor these plates in place was insufficient 
to prevent pull-out of the anchors.  All mechanical anchorage systems used subsequent to 
this specimen incorporated bolts running through the entire web and discontinuous CFRP 





   
Figure 4.17.  Mechanical anchorage failure mode (T4-18-S90-CMA) 
 
 
Full rupture of the CFRP along the critical shear crack was never observed.  
However, in the case of specimen T4-18-S90-DMA, rupture of the CFRP was limited to 
only a portion of the fibers within a few strips (Figure 4.18).  Rupture of the fibers is 
generally accompanied by an explosive release of energy requiring the redistribution of 
stresses.  This explosive release of energy can have a significant impact on the ultimate 





Figure 4.18.  Limited FRP rupture (failure mode – LR) (T4-18-S90-DMA) 
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For the cross-sectional type III series girders, the ultimate limit state was clearly 
defined by a web crushing failure mode (failure mode – WC) in the case of specimens 
T3-12-S90-NA and T3-12-S90-NA-PC (Figure 4.19).  These web crushing failure modes 
were a consequence of the concrete spalling and reduction in cross-section associated 





Figure 4.19.  Web crushing failure mode (T3-12-S90-NA-PC) 
 
 
The control specimen (T3-12-Control) and mechanically anchored specimen (T3-
12-S90-DMA) of the cross-section type III series was observed to fail as a result of 
concrete crushing of the top flange near the reaction point (Figure 4.20).  This failure 
mode is believed to be different than a typical flexural compression failure since 
conservative design measures were taken to prevent such failure.  Instead, it is believed to 
be the result of a local concentration of compressive stresses coming from the 
combination of diagonal compression, flexural compression, and contact stresses induced 
by the reaction frame.  To prevent such failures in subsequent tests, additional external 
strengthening consisting of HSS hollow steel sections and #11 Dywidag bars was added 
near the reaction frame within the test region as shown in Figure 3.7.  The final failure 
mode which was persistent among the cross-sectional type IV series specimens was the 
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traditional diagonal tension failure (failure mode – DT) as characterized by a primary 





Figure 4.20.  Stress concentration failure mode (T3-12-Control) 
 
 
4.2.3. Shear Force-Displacement Relationships.  Figure 4.21 shows the shear 
force-displacement relationships measured for each specimen, subdivided by cross-
sectional type for comparison.  Disregarding the peculiar results of the maximum shear 
capacities as previously discussed, it is the stiffness of the measured shear force-
displacement relationships which is more meaningful.  In Figure 4.21(a) it is shown that 
the stiffness of the control specimen with stirrups spaced at 12 inches (T4-12-Control) is 
greater than that of the control specimen with stirrups spaced at 18 inches (T4-18-
Control) as a result of the higher shear reinforcement ratio.  It is also shown that the 
effect of CFRP shear strengthening for T4-18-S90-NA, which also had stirrups spaced at 
18 inches, resulted in a stiffness comparable to that of the control specimen with stirrups 
at 12 inches (T4-12-Control).  This is logically justified since the total shear 
reinforcement ratio (stirrups + CFRP) is similar between the two specimens (i.e., T4-12-
Control – ρtot = 0.0031 + 0 = 0.0031 while for T4-18-S90-NA – ρtot = 0.0020 + 0.0014 = 
0.0034).  However, this is not observed among the other cross-sectional types, Figure 
4.21(b), (c), and (d), where the stiffnesses were found to be relatively similar among the 
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specimens.  This is most probably contributed to the fact that, for the cross-section type I 
specimens, the shear span was nine feet whereas for the remaining specimens, the shear 
span was 12 feet.  Thus, the shear force-displacement relationships for the cross-section 
type I specimens can be said to be a measure of predominately shear behavior while the 
shear force-displacement relationships for the other cross-sectional types can be 
considered as a measure of flexural-shear behavior.  In the latter case, the reflection of 
the flexural behavior in the shear force-displacement relationships is more pronounced 
and therefore there is no difference in stiffness observed even though the shear 
reinforcement ratio varies (i.e. their flexural reinforcement ratios are the same thus the 





































































































































 (c) Cross-section Type III (d) Cross-section Type IV 
Figure 4.21.  Shear force-displacement responses for PC specimens 
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4.2.4. Shear Component Analysis.  Despite the fact that an increase in the shear 
capacity was not always realized among the CFRP shear strengthened specimens, a shear 
component analysis is able to show the CFRP contribution to the total shear resistance of 
the specimens.  The procedures for this analysis are identical to those previously 
discussed in Section 4.1.4 for the RC T-beam specimens.  The results of this analysis are 
shown in Figure 4.22 for the MoDOT Type 4 specimens and Figure 4.23 for the MoDOT 
Type 3 specimens.  As previously discussed for RC T-beams, the applied shear force is 
carried primarily by concrete prior to web shear cracking.  At cracking, a portion of the 
applied shear forces are transferred to the steel stirrups and FRP strips as shown by the 
sudden jump in the shear contribution responses.  The stirrups and FRP strips continue to 
take load, as shown by the gradual increase in shear contribution response, until yielding 
in the case of stirrups or debonding in the case of FRP strips.  The concrete, steel stirrup, 
and FRP contributions at the ultimate limit state are summarized in Table 4.5. 
 
 











T4-12-Control 131.2 70.6 - 
T4-18-Control 149.0 57.2 - 
T4-18-S90-NA 83.4 42.9 66.9 
II 
T4-18-S90-CMA 94.7 47.4 86.7 
T4-18-S90-DMA 161.3 38.9 44.1 
T4-18-S45-DMA 111.8 33.8 109.3 
T4-12-Control-Deck 158.7 85.8 - 
T4-12-S90-SDMA 141.3 71.5 44.8 
III 
T3-12-Control 152.7 100.1 - 
T3-12-S90-NA 143.0 89.7 38.1 
T3-12-S90-NA-PC 83.3 85.8 70.1 
T3-12-S90-DMA 157.6 60.5 30.8 
IV 
T3-18-Control 191.8 60.3 - 
T3-18-S90-NA 111.8 85.8 18.2 
T3-18-S90-HS 139.9 50.8 30.6 

































































































































































































































































































 (g) T4-12-Control-Deck (h) T4-12-S90-SDMA 






































































































































































































































































































 (g) T3-18-S90-HS (h) T3-18-S90-SDMA 
Figure 4.23.  Shear component diagrams – MoDOT Type 3 specimens 
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4.2.5. Principal Strains in Web.  For thin webbed members like the PC girders 
investigated in this study, web crushing is an eminent failure mode.  To this effect, 
evaluation of the principal strains in the web can be informative.  The LVDT strain 
rosette was used to evaluate the principal strains in the web.  The LVDTs are only 
capable of measuring a displacement so the measured displacements were divided by the 
initial gage length of each LVDT to determine a corresponding strain.  Strains evaluated 
from the vertical LVDTs on the left and right sides of each rosette were averaged to 
determine the mean vertical strain (εyy) for each rosette.  Strains evaluated from the 
LVDTs along the top and bottom of each rosette were averaged to determine the mean 
horizontal strain (εxx) for each rosette.  The mean vertical and horizontal strains along 
with the strains evaluated along the 45º diagonal were used to determine the 
corresponding shear strain (εxy) as given by equation 4-5 from engineering mechanics.  In 
determining the shear strains, only the tension diagonal strains were used as these strains 
are based on measurements across the shear cracks rather than parallel to the shear cracks 
and therefore are considered to be more accurate.  With these three strain components 
given by the LVDT strain rosettes (i.e. εyy, εxx, and εxy), the principal strains (ε1 and ε2) for 



























      (4-7) 
 
The results of this analysis are presented in Figure 4.24 for MoDOT Type 4 
specimens and Figure 4.25 for MoDOT Type 3 specimens.  In these figures, an estimate 
of the softened compressive strain (δε0) at the peak softened stress (δf’c) is also plotted as 
a straight vertical line.  Principal compressive strains beyond this softened compressive 
strain limit signify that the softened compressive strength (δf’c) of the concrete has been 









































































































































































































































































 (g) T4-12-Control-Deck (h) T4-12-S90-SDMA 











































































































































































































































































 (g) T3-18-S90-HS (h) T3-18-S90-SDMA 
Figure 4.25.  Principal strains – MoDOT Type 3 specimens 
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Vecchio and Collins [1986] and Hsu [1993] present equations for the softening 
coefficient (δ) which generally varies from about 0.2 to 0.6 [Hsu and Mo, 2010].  For this 
evaluation, the softening coefficient has been taken as 0.6 representing an upper limit 
which agrees well with that given by equations from Hsu [1993].  The strain at peak 
stress (ε0) has been determined from equation 4-8 as given by Collins and Mitchell [1997] 
and the initial tangent stiffness of concrete (Ec) has been calculated using equation 4-9 as 
recommended by the ACI 318 Code [2008].  Equation 4-8 gives values in the range of 
0.00215 to 0.00226 for the PC girder specimens which are just slightly higher than the 
value of 0.002 suggested by Hsu [1993]. 
 
' '







   

   (4-8) 
'57000c cE f       (4-9) 
 
Figure 4.24 shows that, except for two specimens (T4-18-S90-NA and T4-12-
Control-Deck), none of the principal compressive strains measured in the webs of the 
MoDOT Type 4 specimens reached the softened compressive strain limit.  Specimens 
T4-18-S90-NA and T4-12-Control-Deck only had one rosette (Rosette 2) achieving 
principal compressive strains only slightly in excess of the softened compressive strain 
limit which is more likely contributed to slight inaccuracies in the measurement.  Sources 
of such inaccuracies could be due to slippage of the anchors holding the LVDT rosettes 
when spalling of the concrete cover begins to occur at higher strains.  Thus, Figure 4.24 
shows that web crushing was not an eminent threat for the MoDOT Type 4 specimens, 
reinforcing what was observed visually as discussed in Section 4.2.2. 
For the MoDOT Type 3 specimens, specimens T3-12-S90-NA and T3-12-S90-
NA-PC both had multiple rosettes measuring principal compressive strains far exceeding 
the softened compressive strain limit.  Thus, it is clearly confirmed that these two 
specimens failed as a result of web crushing as was observed visually.  Specimens T3-12-
Control, T3-12-S90-DMA, T3-18-Control, and T3-18-S90-SDMA all exhibited principal 
compressive strains less than the softened compressive strain limit, with a few exceptions 
which can again be contributed to slight inaccuracies in the measurements.  This confirms 
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that web crushing was not the governing failure mode of these specimens as was 
observed.  The measured principal strains for specimens T3-18-S90-NA and T3-18-S90-
HS, however, contradict the observed failure modes for these specimens.  The principal 
compressive strains measured by multiple rosettes for these specimens far exceed the 
softened compressive strain limit thus, suggesting a web crushing failure mode.  
However, from visual inspection the failure mode was considered to be the result of 
debonding of the CFRP followed by diagonal tension failure. 
A similar evaluation was made of the principal strains in the web of the RC T-
beams.  The results of this evaluation are presented in Appendix K.  The RC T-beams, 




5. ANALYTICAL WORK 
5.1. COMPARISON OF ANALYTICAL PREDICTIONS TO EXPERIMENTAL 
RESULTS 
From the 18 models and eight design guideline expressions presented in Sections 
2.4 and 2.5 respectively, 19 expressions have been used to predict the FRP shear 
contributions for the experimental girders in this study.  Models by Al-Sulaimani et al. 
[1994] and Chajes et al. [1995] were not considered in this evaluation because they were 
developed for specific FRP strengthening schemes which are different from those used in 
this study and therefore are not directly applicable.  The model by Alexander and Cheng 
[1998] is also not considered because the relationship between shear stress and interface 
bond length used in this model was only developed for a concrete strength of 6,200 psi 
(43 MPa) and thus is not directly applicable.  The Japanese JSCE Recommendations 
[2001] is intended to treat only complete wrap strengthening applications and therefore it 
is also not considered in this evaluation.   
A comparison of the analytical model predictions with the experimental results is 
summarized in Figure 5.1 for the RC T-beams and Figure 5.3 for PC I-girders.  Similarly, 
a comparison between present design guideline predictions and the experimental results 
is summarized in Figure 5.2 for RC T-beams and Figure 5.4 for PC I-girders.  The 
experimentally measured FRP shear contributions were determined from a shear 
component analysis as discussed in Sections 4.1.4 for RC and 4.2.4 for PC with 
additional normalization of concrete strength procedures as discussed in Section 4.1.5 for 
RC.  In Figures 5.1 through 5.4, the experimental results (Vf,exp.) are plotted along the 
vertical axis while the analytical/design guideline predictions (Vf,anal.) are plotted along 
the horizontal axis.  A perfect match between experimental and analytical/design 
guideline predictions is represented by a straight line starting at the origin and oriented at 
a 45º angle.  Data points above this line represent conservative estimates of the 
experimental results while all points plotted below this line represent unconservative 
estimates of the experimental results.  The further the data points from this line, the more 
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These figures show that none of the models or design guidelines are consistently 
accurate in predicting the FRP contributions for the experimental beams in this study.  
Table 5.1 shows the accuracy of the models as a ratio of the experimentally measured to 
predicted FRP contributions (Vf,exp. / Vf, anal.) for the RC test specimens.  Similar results 
are presented in Table 5.2 for the PC test specimens.  A statistical assessment of the 
average, standard deviation (STDEV), and coefficient of variation (COV) of these results 
are summarized in Table 5.3.  From Table 5.3, it can be seen that the model proposed by 
Hsu et al. [2003] gives the best overall predictions of the FRP strengthening effect for the 
RC T-beams tested in this study followed by the models of Cao et al. [2005] and 
Triantafillou [1998a].  It is pointed out that the models by Hsu et al. [2003] and 
Triantafillou [1998a] include empirical formulations of the effective strain in the FRP 
developed from curve-fitting of test results.  Similarly, the model of Cao et al. [2005] 
relies on an effective stress in the FRP which is empirically based on simple shear tests as 
well as a strain distribution factor which has empirical roots coming from both simple 
shear and beam tests.  If only the unanchored specimens are considered, since most 
models were not developed to distinguish the difference between anchored and 
unanchored FRP, the model proposed by Monti and Liotta [2005] is found to give the 
best predictions.  This model was developed using a more intensive mechanics-based 
approach. 
For the PC girder specimens, Table 5.3 shows that the model proposed by Khalifa 
et al. [1998] gives the best overall predictions of the FRP contribution.  It is reminded, 
however, that the FRP contributions for the PC girders is based on the shear component 
analysis and does not reflect an increase in the overall shear capacity as in the case of the 
RC beams.  Thus it is difficult to say whether such comparisons are reliable.  However, it 
shall still be pointed out that the models of Hsu et al. [2003] and Khalifa et al. [1998] 
give reasonable estimates for the subset of unanchored test results, excluding specimen 
T3-18-S90-NA which head an unexplainably low FRP contribution.  These models were 






Table 5.1. Performance of analytical models in terms of Vf,exp./Vf,anal. for RC T-beams 
Analytical 















































































































































0.42 0.51 0.35 0.49 0.66 0.74 0.61 0.68 0.65 0.76 0.48 0.60 
Triantafillou 
(1998a) 
0.41 0.58 0.40 0.73 0.81 1.11 1.37 0.87 0.56 0.82 0.62 1.04 
Khalifa et al. 
(1998) 









0.81 1.13 0.77 1.43 1.59 2.18 2.67 1.81 1.17 1.71 1.20 2.03 
Khalifa and 
Nanni (2000) 




3.79 5.28 2.42 4.46 4.96 6.81 8.36 2.87 1.86 2.71 2.89 4.87 
Chaallal et al. 
(2002) 




16.25 20.92 12.62 22.47 35.13 2.08 2.55 23.17 20.22 1.63 0.90 1.52 
Hsu et al. 
(2003) 
0.76 1.05 0.72 1.32 1.49 1.82 1.23 1.60 1.09 0.81 0.64 1.00 
Chen and 
Teng 
(2003 a & b) 




1.57 2.73 1.44 2.50 3.38 6.66 3.67 3.09 1.99 3.21 1.76 2.79 
Cao et al. 
(2005) 
0.65 0.88 0.57 1.04 1.33 1.80 1.79 1.20 0.87 1.24 0.91 1.50 
Monti and 
Liotta (2005) 
0.91 1.46 0.82 1.42 1.90 2.70 1.71 0.98 0.75 0.99 1.05 1.67 
Sim et al. 
(2005) 





Table 5.2. Performance of analytical models in terms of Vf,exp./Vf,anal. for PC I-girders 
Analytical 




























































































































0.49 0.56 0.26 0.70 0.29 0.21 0.47 0.19 0.12 0.19 0.63 
Triantafillou 
(1998a) 
1.11 1.09 0.55 1.12 0.56 0.56 1.02 0.45 0.27 0.45 1.62 
Khalifa et al. 
(1998) 









1.48 1.45 0.74 1.73 0.74 0.77 1.39 0.59 0.36 0.60 2.13 
Khalifa and 
Nanni (2000) 




3.31 4.29 2.18 3.17 3.33 3.28 6.03 2.65 1.07 1.79 6.42 
Chaallal et al. 
(2002) 




3.99 5.14 2.61 6.45 2.62 2.72 4.80 1.99 1.22 2.04 7.21 
Hsu et al. 
(2003) 
0.95 1.23 0.62 1.53 0.62 0.65 1.14 0.47 0.29 0.48 1.70 
Chen and 
Teng 
(2003 a & b) 




1.23 2.06 0.98 3.70 1.44 0.82 1.42 0.80 0.25 0.87 4.75 
Cao et al. 
(2005) 
0.85 1.12 0.57 1.40 0.58 0.51 0.92 0.4 0.24 0.40 1.44 
Monti and 
Liotta (2005) 
0.63 0.74 0.36 0.76 0.47 0.35 0.59 0.3 0.11 0.32 1.52 
Sim et al. 
(2005) 





Table 5.3. Statistical evaluation on the performance of analytical models 
Analytical 
Models for Vf 
















0.58 0.13 0.22 0.37 0.20 0.54 
Triantafillou 
(1998a) 
0.78 0.29 0.38 0.80 0.41 0.52 
Khalifa et al. 
(1998) 









1.54 0.57 0.37 1.09 0.57 0.52 
Khalifa and 
Nanni (2000) 




4.27 1.93 0.45 3.41 1.64 0.48 
Chaallal et al. 
(2002) 




13.29 11.45 0.86 3.71 1.96 0.53 
Hsu et al. 
(2003) 
1.13 0.38 0.33 0.88 0.46 0.53 
Chen and 
Teng 
(2003 a & b) 




2.90 1.39 0.48 1.67 1.37 0.82 
Cao et al. 
(2005) 
1.15 0.40 0.35 0.77 0.41 0.54 
Monti and 
Liotta (2005) 
1.36 0.57 0.42 0.56 0.38 0.68 
Sim et al. 
(2005) 





5.2. NEW ANALYTICAL MODEL FOR DETERMINING THE EFFECTIVE FRP 
STRAIN 
The limited success of existing analytical models and design guidelines, as 
discussed in Section 5.1, indicates the need for a new model that can more accurately 
predict the FRP shear contribution of the kinds of beams studied in this investigation (i.e., 
full-scale beams with transverse steel reinforcement).  Mechanics-based approaches, 
while more scientifically rational, are cumbersome and rely on a great deal of 
assumptions regarding compatibility along the shear crack and characterization of the 
bond stress-slip constitutive laws which can make them unreliable.  Until such 
compatibility and bond stress-slip laws are better understood, empirical approaches can 
be developed with consideration for the variables influencing FRP strengthening 
effectiveness to provide reliable predictions.  To this extent, an empirical approach 
similar to that used by Khalifa et al. [1998], Khalifa and Nanni [2000], and Hsu et al. 
[2003] has been adopted in this study.  In these previous studies, the effective strain was 
defined by a reduction factor (R) applied to the ultimate strain of the material.  These 
models present two expressions for the strength reduction factor, one of which is 
calibrated from curve-fitting of experimental data.  The other is defined by the bond 
mechanism in which the bond shear strength and effective bond length are empirically 
developed from simple shear tests.  The lower of these two R-values is said to govern the 
strengthening effectiveness.  The latter formulation was not further pursued here since no 
simple shear tests were conducted and no data from the full-scale tests is useful in 
advancing this approach.  However, the former expressions, based on curve-fitting, were 
developed from databases including predominantly small-scale tests with no transverse 
steel reinforcement.  Thus, the goal of this investigation is to provide a model calibrated 
from test data which more realistically reflects the kinds of beams encountered in an 
actual RC shear strengthening intervention. 
5.2.1. Evaluation of Parameters for Calibration.  To calibrate the new model, a 
database of test results was compiled including test results collected from an extensive 
review of the literature (discussed in Section 2.6) and the results of the experiments from 
this study.  A total of 534 test results were collected including 410 FRP strengthened 
specimens and 124 corresponding control specimens.  For this collection of data, the 
effective strain in the FRP at failure of the specimens was evaluated according to 
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equation 5-1.  For a few of the test results collected from the literature, some of the 
variables required to calculate the effective FRP strain were not available in the papers 
and thus these results could not be further considered.  Results for specimens reported to 
have failed in a flexural mode were also disregarded to avoid inaccurate skewing of the 
data.  Further screening consisted of removing irrational results such as the PC girder 
results from this study and others in which no increase (or a drop) in the ultimate shear 
strength occurred.  As a result, the database was reduced to a total of 407 useable test 














    (5-1) 
 
The FRP strengthened specimens of the reduced database were then divided into 
four groups (i.e., side bonded, U-wrap, complete wrap, and U-wrap with anchorage) 
based on FRP strengthening schemes implemented in each test.  This separation is 
important since the strengthening scheme adopted has a significant effect on the failure 
mode and behavior due to differences in the boundary conditions imposed.  Side bonded 
applications provide free ends that are limited by the bond strength of the FRP and thus 
generally subject to debonding failure modes.  Meanwhile, U-wrap applications provide 
an additional source of anchorage for the FRP by wrapping around the bottom of the 
beam and therefore could be limited by debonding or FRP rupture failure depending on 
the bond characteristics of the upper edge of the FRP.  A well designed anchor system 
may be implemented at the upper edge of a U-wrap strengthening system to ensure the 
effectiveness is limited only by rupture of the FRP.  However, not all anchorage systems 
are able to achieve this and thus the effectiveness may still be limited by debonding, but 
at a higher effective strain (i.e., the debonding failure limit can be delayed).  As a result 
of these differences, the effectiveness of each strengthening scheme is expected to follow 
a unique trend with respect to the parameters of influence.   
Early studies by Triantafillou [1998a] and Khalifa et al. [1998] showed an 
exponentially decreasing relationship between the effective strain in FRP (εfe) and the 
axial rigidity (Ef ρf) of the FRP strengthening application.  Figure 5.5 shows this same 
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relationship for the test results of the database compiled in this study.  In this figure the 
four different strengthening schemes (i.e., side bonded, U-wrap, complete wrap, and U-
wrap with anchorage) are shown independently.  The vertical axis shows the 
experimentally determined strength reduction factor (R = εfe / εfu) as suggested by Khalifa 
et al. [1998] while the horizontal axis shows the corresponding axial rigidity of the FRP 
strengthening scheme (Ef ρf).  The use of a strength reduction factor eliminates the effects 
of the various types of FRP that are available for strengthening applications by taking a 
ratio of the effective strain (εfe) to ultimate strain of the material (εfu).  The equation 
proposed by Khalifa et al. [1998] is also plotted in these figures and is shown to 
overestimate the general trend of the test results as shown by a best-fit power curve.  
Figure 5.5 shows a great deal of scatter among the test results, however, a decreasing 
trend in the strength reduction factor with increase in FRP axial rigidity is still evident.  
These results highlight the need to consider other parameters that may play a role in the 
effectiveness of externally bonded FRP. 
Hsu et al. [2003] showed that a better correlation could be achieved by including 
the effect of the concrete strength.  Figure 5.6 shows the trend of the compiled database 
with respect to Ef ρf /f’c as suggested by Hsu et al. [2003].  The equation proposed by Hsu 
et al. [2003] is also plotted which is shown to reasonably capture the trend of the test data 
given by a best-fit power curve.  Figure 5.6 also shows that a better fit of the data is 
achieved in comparison to the correlation with FRP axial rigidity shown in Figure 5.5.  
This is indicated by the higher R-squared values of the best-fit curves (i.e., in all cases 
except for complete wrapping schemes).  
Traditionally, North American design guidelines have taken the square root of the 
concrete strength when including it in shear design provisions for concrete while many 
European design guidelines use a 2/3 power relationship.  Thus, the effect of these two 
approaches was investigated for improvement of the calibration.  Figure 5.7 (North 
American approach) and Figure 5.8 (European approach) show that adopting these 
approaches does not ultimately lead to an improvement of the calibration but rather a 
lower R-squared correlation is achieved.  Furthermore, it is more convenient not to 
include such approaches so that the quantity, Ef ρf /f’c remains unit independent (i.e., the 
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To further improve the calibration, other parameters which have been shown to 
influence the FRP effectiveness, have been incorporated.  One such parameter, which has 
been observed among the experimental tests of this study as well as many others in the 
literature, is the effect of the amount of transverse steel reinforcement present in the 
beam.  This effect was studied by Pellegrino and Modena [2002] and incorporated into an 
additional strength reduction factor proposed for use with the model by Khalifa et al. 
[1998].  The primary influence of internal transverse steel reinforcement stems from the 
difference in the effective bond zone as a result of different shear crack formations 
between beams with and without steel stirrups.  In general, only one principal shear crack 
develops in the shear failure mechanism of beams without steel stirrups while a band of 
multiple cracks tends to develop in beams with steel stirrups.  As a consequence, the 
bond between the FRP and concrete must be developed along a band consisting of 
multiple shear cracks when steel stirrups are present.  The heavier the steel reinforcement 
the greater the band of shear cracks.   
The trend observed in this study as well as others in the literature, is a decrease in 
the effectiveness of externally bonded FRP shear reinforcement with increase in the 
amount of transverse steel reinforcement.  This is similar to the trend observed with 
respect to the FRP axial rigidity.  Thus, it seems appropriate to include the effect of the 
transverse steel reinforcement by accounting for the total axial rigidity of the transverse 
R
'2 3
f f cE f
R
'2 3
f f cE f
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reinforcement (i.e., steel + FRP).  Accordingly, Figure 5.9 shows the trend of the test data 
with respect to (Efρf + Esρv)/f’c.  For side bonded and U-wrap specimens, the correlation 
of the data to a best-fit power function is further improved with consideration of the axial 
rigidity of the steel stirrups as indicated by higher R-squared values when compared to 
Figure 5.6.  This, however, was not the case for the complete wrap and anchored U-wrap 
specimens.  The reasoning for this can be explained by the better anchorage of the FRP 
for these types of strengthening schemes in which case the effect of the steel 
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 (c) Complete wrap (d) U-wrap with anchorage 
Figure 5.9. R-value as a function of (Ef ρf + Es ρv)/f’c  
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Another parameter shown by Cao et al. [2005] to have considerable influence on 
the effectiveness of FRP shear strengthening is the shear span-to-depth ratio (a/d).  Their 
approach to accounting for its effects was a linear modification to the strain distribution 
factor proposed by Chen and Teng [2003a] based on empirical regression.  The general 
trend observed was a decrease in the strain distribution factor with increase in the a/d 
ratio.  Figure 5.10 shows the trend of the database with additional consideration for the 
a/d ratio.  It is noted that three data points had to be dropped in the case of U-wrap 
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 (c) Complete wrap (d) U-wrap with anchorage 
Figure 5.10. R-value as a function of (Ef ρf + Es ρv)(a/d)/f’c  
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These figures show further improvement in the fitting of the data for side bonded 
and U-wrap applications (Figure 5.10(a) and (b) respectively).  However, worse 
correlation is obtained in the case of complete wrap and anchored U-wrap strengthening 
schemes (Figure 5.10(c) and (d) respectively) for similar reasons as discussed for the 
effect of transverse steel stirrups. 
5.2.2. Calibration of the Model.  The above discussion presents the extent of the 
factors to be considered in calibration of the new strength reduction factor (R).  The 
remainder of the discussion shall now focus on formulation of the new model which 
includes further reduction of the data to remove impractical test specimens that could 
tend to inaccurately skew the calibration.  The reasoning used to distinguish practical test 
specimens from impractical test specimens was based on the transverse steel 
reinforcement and FRP strengthening schemes adopted.  Concrete beams without 
transverse steel reinforcement are considered unrealistic based on present design 
requirements in which at least a minimum amount of transverse steel reinforcement is 
required.  Thus, all test specimens without steel stirrups were disregarded in calibration 
of the model.  Similarly, the application of FRP strengthening by complete wrapping of 
the section is not feasible in beam members due to the presence of a slab which restricts 
access to the top surface.  This type of strengthening is more reserved for column 
strengthening applications.  As such, specimens strengthened by complete wrapping FRP 
applications were also disregarded for calibration of the model.  It is pointed out that 
previous models by Khalifa et al. [1998], Khalifa and Nanni [2000], and Hsu et al. [2003] 
do not make these distinctions and therefore include both beams without transverse steel 
reinforcement as well as complete wrapping FRP applications in there calibration.   
A total of 139 FRP strengthened test results remain after removal of the 
specimens without stirrups and those strengthened by complete wrapping.  This includes 
40 side bonded specimens, 82 U-wrapped specimens, and 17 anchored U-wrap 
specimens.  The trend of this database with respect to the function chosen for calibration 
(i.e., (Ef ρf + Es ρv)(a/d)/f’c) is shown in Figure 5.11.  In Figure 5.11(a), a best-fit power 
function gives an R-squared value of 0.6486 for the side bonded strengthening schemes 
indicating a reasonable match.  In Figure 5.11(b), three different failure modes are 
identified (i.e., debonding, FRP rupture, and web crushing) for U-wrap strengthening 
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schemes.  The majority of these results correspond with debonding failure modes.  
Results corresponding to FRP rupture are limited, however, it is interesting to note that 
these results are bunched together at the lower spectrum of (Ef ρf + Es ρv)(a/d)/f’c.  This 
may be simply a coincidence, however, it would be logically justified since the lower 
spectrum of (Ef ρf + Es ρv)(a/d)/f’c can be correlated with a high concrete strength which 
generally provides better bond and reduced likely hood of debonding.  Alternatively, it 
could also be correlated with a lower FRP reinforcement ratio, hence smaller width of 
FRP strips to transfer stresses across and therefore higher development of stresses within 
each strip.  Similarly, it is interesting to point out that specimens failing in a web crushing 
failure mode tend to be distributed at higher values of (Ef ρf + Es ρv)(a/d)/f’c.  This is 
equally justified since an increase in the value of (Ef ρf + Es ρv)(a/d)/f’c may be correlated 
to an increase in the total transverse reinforcement ratio (ρf + ρv) which can lead to web 
crushing failures if overly reinforced.  Web crushing is a failure within the concrete 
rather than failure of the FRP strengthening system and thus these results do not 
accurately reflect the FRP strengthening capacity as indicated by the great deal of scatter.   
Results corresponding to FRP rupture and debonding failure modes are observed 
to follow a similar trend in Figure 5.11(b) and thus they can be fitted with reasonable 
accuracy by a single curve giving an R-squared value of 0.3848.  It is noted that the 
specimens corresponding to FRP rupture failure are actually reported as exhibiting a 
combination of debonding and FRP rupture.  This explains the close correlation of these 
data with results for debonding failure modes.  As discussed in Section 4.1.2, debonding 
is generally always observed to some degree, and it is the severity of this debonding 
which governs whether FRP rupture can be achieved and ultimately the effectiveness of 
the strengthening scheme. 
Figure 5.11(c) shows the data for specimens strengthened using an anchored U-
wrap scheme.  Since there are much fewer results for this type of strengthening, no trend 
can be distinctly identified.  Furthermore, the effectiveness of this type of strengthening 
is strongly dependent on the characteristics of the anchorage system and how effective it 
is at preventing or delaying debonding of the FRP sheets.  Since each researcher has 
adopted their own form of anchoring system, there is a great deal of scatter in the data 
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Figure 5.11. Trend of R-values as a function of (Ef ρf + Es ρv)(a/d)/f’c for reduced database 
 
 
Based on the results of the empirical regression presented above, equations 5-2 
and 5-3 are proposed as a best-fit relationship for evaluating the strength reduction factor 
(R) in the design of FRP side bonded and U-wrap shear strengthening systems 
respectively.  An upper limit of 0.5 for side bonded strengthening schemes and 0.7 for U-
wrap strengthening schemes is established to restrain the strength reduction factor within 
peak experimentally obtained values until further data can be attained to suggest 
otherwise.  At this time, insufficient data is available to provide a reliable expression for 
the case of U-wrap applications with anchorage.  However, the sandwich discontinuous 
mechanical anchorage system (SDMA) investigated in this study (i.e., the four FRP 
rupture data in Figure 5.11(c)) are shown to achieve an average strength reduction factor 
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near the maximum limit (R = 0.7) proposed for U-wrap strengthening schemes.  Thus, at 
this time it is suggested that a strength reduction factor of R = 0.7 may be used for U-
wrap strengthening systems when anchorage equivalent to the SDMA system is provided 
(i.e., FRP rupture failure can be expected).  Otherwise, it is recommended that all other 
anchored U-wrap strengthening schemes be conservatively evaluated from equation 5-3 
for regular U-wrap applications.  Expressions 5-2 and 5-3 are shown in Figure 5.12 along 
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Figure 5.12. Strength reduction relationships and corresponding experimental data 
 
 
Equations 5-2 and 5-3 are power functions which take the form y = Ax
B
.  To 
simplify these equations, the exponential term (B) was forced to a value of -1.0 and the 
corresponding leading coefficients (A) were evaluated to optimize the R-squared 
correlation.  The results of this evaluation are summarized in Table 5.4.  Results for both 
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the original exponents and the newly proposed value of -1.0 are shown.  It is noted that 
the R-squared value calculated in Table 5.4 for the original exponential (B) and leading 
coefficient (A) terms is different from that predicted by Excel software shown in Figure 
5.11.  This is because Excel uses a simplified procedure for calculating the R-squared 
value using linear regression which can give slightly incorrect values in certain cases.  




Table 5.4. Experimental curve-fitting parameters 




-1.11 12.94 0.67 
-1.0 9.98 0.69 
U-wrap 
-0.869 6.494 0.57 
-1.0 12.53 0.61 
 
 
Table 5.4 shows that in all three cases, a better match with the data is achieved by 
making the adjustment to an exponent equal to unity (e.i., B = -1.0).  Furthermore, the 
expressions for the strength reduction factor have been considerably simplified to the 
forms shown in equations 5-4 and 5-5.  Figure 5.13 shows a comparison between the 
original expressions derived from curve-fitting of the data (equations 5-2 and 5-3) and the 
simplified version of these expressions (equations 5-4 and 5-5).  The test data used in 
developing these expressions are also shown for comparison.  It can be seen that the 
simplification of these expressions does not significantly change the result and, as shown 
in Table 5.4, a slightly better fit of the data is achieved.  Thus, equations 5-4 and 5-5 are 
proposed for evaluating the strength reduction factor used to determine the FRP shear 
contribution.  Furthermore, these expressions are only recommended for evaluating the 
FRP shear strengthening effect in the case of side bonded or U-wrap applications applied 
to beams containing transverse steel reinforcement.  Application of these expressions to 
complete wrap strengthening schemes or members without steel stirrups could result in 
overestimation of the FRP contribution.  However, complete wrapping is not a practical 
application for beams and the absence of stirrups is less likely to be encountered in an 
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actual strengthening intervention.  Equation 5-5 may be used as a conservative estimate 
for anchored U-wrap strengthening schemes in the absence of better data.  Meanwhile, 
well anchored U-wrap strengthening schemes such as the SDMA system investigated in 
this study may be expected to reach strains up to 70% of their ultimate tensile strain (i.e., 
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Figure 5.13. Comparison of strength reduction relationships 
 
 
5.2.3. Design Procedure.  The strength reduction model proposed in Section 
5.2.2 is intended to be used in the truss analogy for evaluating the FRP shear 
contribution, as given by equation 5-6.  This equation is similar to that which has 
traditionally been used to define the contribution of the steel stirrups.  The only 
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difference is that an effective strain (εfe) is used as opposed to a yield strain (εy) and this 
effective strain has been defined as a percentage of the ultimate strain of the material (εfu) 
given by the strength reduction factor (R).  Since the ultimate strength of the FRP 
material used for strengthening can be obtained from the manufacturer, all that is needed 
is a reasonable estimate of the strength reduction factor as given by equations 5-4 and 5-
5.  The nominal shear resistance of a beam (Vn) can then be evaluated as the sum of the 
concrete (Vc), steel stirrup (Vs), and FRP (Vf) contributions as given by equation 5-7.  The 
concrete and steel stirrup contributions shall be evaluated from well established analysis 
procedures provided in the design codes. 
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The FRP contribution can also be expressed as a function of the FRP 
reinforcement ratio (ρf) as shown by equation 5-8.  Expressed in this way, it can be seen 
that the FRP contribution increases as the axial rigidity of the FRP strengthening 
increases.  Meanwhile, from equations 5-4 and 5-5 it is seen that the strength reduction 
factor decreases as the FRP axial rigidity increases.  Therefore, an optimum FRP 
strengthening configuration can be determined which balances FRP shear strength 
improvement with efficient use of the material as indicated by the strength reduction 
factor.   
 
 sin cos         ff f f w fe f f
w f
A
V E b d where
b s
         (5-8) 
 
To illustrate this point, consider a reinforced concrete T-beam which is to be 
strengthened in shear with a U-wrap FRP strengthening scheme as depicted in Figure 
5.14.  In a typical FRP strengthening intervention, the geometry of the beam, the steel 
reinforcement configuration, and material properties are known or can be determined.  
Thus, all parameters related to the concrete section or transverse steel reinforcement (i.e., 
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Es, ρv, f’c, a/d, and bw) are constants and only the parameters related to the FRP 
strengthening (i.e., ρf, Ef, εfu, df, and β) are variables to be evaluated.  If a given FRP 
material is chosen for the application, the material properties (i.e., Ef and εfu) also become 
known constants.  Similarly, if a 90º fiber orientation is adopted (i.e., β = 90º) for 
practicality and the FRP is expected to be bonded the full height of the web (i.e., df = d - 
hf), then the only variable to be evaluated is the FRP reinforcement ratio.  For this 
example, the geometry and material properties shown in Figure 5.14 are assumed.  Based 
on these assumed values, the strength reduction factor (equation 5-5) is plotted as a 
function of the FRP reinforcement ratio in Figure 5.15.  Likewise, the FRP contribution 
(equation 5-8) is plotted on a secondary axis as a function of the FRP reinforcement ratio.  
The point where these two curves cross corresponds to the optimum FRP reinforcement 
ratio.  For this example, the optimum FRP reinforcement ratio is found to be 0.000415 
with a corresponding strength reduction factor of 0.37 which is estimated to provide an 







Figure 5.14. Design optimization example 
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Figure 5.15. Optimization relationship between R and Vf 
 
 
FRP reinforcement ratios above the optimum level correspond to an inefficient 
use of the FRP material despite the fact that additional improvement in shear capacity can 
be achieved.  On the other hand, FRP reinforcement ratios less than the optimum level 
correspond to a better use of the material (i.e., utilizes a greater percentage of the ultimate 
strain capacity) but a loss of strength improvement due to a reduction in the area of 
reinforcement to resist stresses.  As an additional recommendation when FRP strips are 
used, the maximum center-to-center spacing of the strips should be less than that given 
by equation 5-9 which will help to ensure that any formation of diagonal shear cracks are 
intercepted by at least one FRP strip.  Furthermore, the total shear strength provided by 
FRP and steel stirrups (i.e., Vs + Vf) should be limited by equation 5-10 as suggested by 
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 
6.1. SUMMARY 
In this study, the work of previous researchers in the area of externally bonded 
FRP applications for shear strengthening of concrete girders were studied and evaluated 
to better understand and assess the parameters influencing such strengthening techniques.  
From this evaluation, an experimental investigation was designed and carried out to 
further evaluate the shear behavior and failure modes of full-scale RC and PC girders 
strengthened in shear with externally bonded CFRP.  The primary focus of the 
experimental program was to investigate parameters which were not fully explored in 
previous studies.  As such, the influence of pre-existing damage (cracks), transverse steel 
(stirrup) reinforcement ratio, FRP strengthening scheme, and methods of FRP anchorage 
were investigated.  The effects of specific conditions such as negative moment, corrosion 
damage, and fatigue loading were also investigated among the RC tests while the cross-
sectional shape and flexural reinforcement arrangement were additional parameters 
among the PC tests.  Existing analytical models and design guidelines were evaluated for 
their accuracy against the experimental test results and found to perform unsatisfactorily.  
Lastly, a new model was developed based on empirical calibration of the strength 




6.2.1. RC T-Beams.  From the 15 RC test specimens investigated in this study, 
the following conclusions are made: 
 An interaction exists between the internal steel stirrups and externally bonded 
FRP.  This interaction was demonstrated in terms of shear gain and the shear 
contribution of stirrups for both RC-8-Series and RC-12-Series specimens as 
discussed in Section 4.1.5.  The trend of this interaction is a decrease in the steel 
stirrup contribution to shear resistance with increase in the effectiveness of 
externally bonded FRP.  As a consequence, the existing approach for defining the 
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ultimate shear capacity (Vn) as the sum of three independent components coming 
from concrete (Vc), steel (Vs), and FRP (Vf) is not scientifically justified. 
 Among the three different types of anchorage systems investigated, the sandwich 
discontinuous mechanical anchorage system (SDMA) performs the best.  This 
system was able to prevent complete debonding and thus requires rupture of the 
FRP strips for failure to occur.  Meanwhile, the discontinuous mechanical 
anchorage system (DMA) and additional horizontal FRP strips (HS) are able to 
provide reasonable increases in shear strength as compared to FRP applications 
with no anchorage and may be installed with less effort than the SDMA system. 
 FRP applications with fibers oriented at 45º are more effective than applications 
with fibers orthogonal to the beam axis (i.e., 90º).  This is due to the fibers being 
more optimally oriented with respect to the shear crack such that the tensile 
stresses induced in the FRP strips crossing the crack are more aligned with the 
principal strength direction of the FRP material.  
 Negative bending moments do not appear to influence the performance of 
externally bonded FRP shear strengthening applications.  However, the primary 
shear cracks were observed to occur closer to the reaction point. As such, the 
location of externally bonded FRP along the beam axis should be appropriately 
oriented to ensure that such shear cracking is intercepted by the FRP 
strengthening. 
 Beams with slight corrosion damage can be effectively repaired in shear by 
externally bonded FRP sheets without the need for extensive repairs to the 
concrete section. 
 The presence of pre-existing shear cracks prior to an FRP strengthening 
intervention have little to no effect on the performance of FRP shear 
strengthening applications.  Thus, such strengthening techniques are perfectly 
suitable for rehabilitation of concrete structures already showing symptoms from 
being overstressed in shear. 
 When considering shear fatigue behavior of concrete girders, the FRP can help 
delay yielding of the internal steel stirrups and prevent fatigue failure.  In the case 
where stirrups are suspected to have already reached their yield strength prior to 
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FRP strengthening, the FRP can still be effective in containing the stresses and 
preventing catastrophic failure.  As a design philosophy, limiting the stress in the 
stirrups to the yield strength can provide an assurance that shear fatigue failure of 
the girder will not occur.   
6.2.2. PC I-Girders.  From the 16 PC test specimens investigated in this study, 
the following conclusions are made: 
 The effectiveness of externally bonded FRP shear strengthening techniques are 
strongly affected by the cross-sectional geometry conditions of the concrete 
member such as thickness of the web and stiffness of the flanges.  Failure modes 
vary depending on the cross-sectional shape and shear reinforcement scheme.  
Thin webbed girders such as those tested in this study are specifically problematic 
since the concrete peeling associated with debonding of FRP can cause web 
crushing failure modes.  This type of failure mode does not benefit from FRP 
strengthening techniques and could occur prematurely as a result of FRP 
strengthening. 
 The use of FRP systems properly anchored with mechanical anchorage yield 
better performance by minimizing the extent of debonding. 
 Among the four different types of anchorage systems investigated, the sandwich 
discontinuous mechanical anchorage system with bolts through the web (SDMA) 
performs the best.  This system is able to prevent slippage of the FRP sheets from 
beneath the anchorage plate.  Meanwhile, the discontinuous mechanical 
anchorage system with bolts running through the web (DMA) can provide a 
reasonable increase in shear strength in a more practical application (i.e., without 
the extra labor required for the sandwich detailing of SDMA).  Curing time plays 
an important role in the bond strength of this connection and is crucial to the 
capacity of the anchorage system.  Continuous CFRP plates with anchorage bolts 
(CMA) are not very effective due to buckling issues in the plates and pull-out of 
the anchor bolts.  Anchorage provided by means of additional horizontal FRP 
strips (HS) is also relatively ineffective. 
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 FRP applications with fibers oriented at 45º are more effective than applications 
with fibers orthogonal to the beam axis (i.e., 90º) for the same reasoning as 
discussed for RC beams. 
 A shear component analysis can be used to effectively identify the shear 
contributions coming from the concrete, transverse steel, and externally bonded 
FRP.  In such analysis, strain gage measurements taken along the FRP and steel 
stirrups are used to quantify their respective contributions.  Meanwhile, the 
concrete contribution is represented by the remaining shear capacity beyond that 
provided by the stirrups and FRP.  This type of analysis also emphasizes the 
interdependence that exists between the three components of shear resistance (i.e., 
concrete, steel stirrups, and FRP). 
6.2.3. Analytical Modeling.  From the assessment of previous analytical 
formulations and the analytical work conducted in this investigation, the following 
conclusions are made: 
 Existing analytical models and design guidelines were found to be inaccurate at 
predicting the FRP contributions for the experimental beams in this study.  
However, the best estimates are generally given by models founded on the 
concept of an effective strain in the FRP which is empirically formulated from 
test results. 
 An empirical model for evaluating the strength reduction factor used to determine 
the effective FRP strain was developed.  This model is expected to produce better 
estimates of the FRP shear strengthening contribution for typical beams and 
practical strengthening configurations. 
 The design of an FRP shear strengthening system can be optimized by 
determining the FRP reinforcement ratio which results in a balance between FRP 
shear strength improvement and efficient use of the material. 
 Additional limitations on spacing of FRP strips and total strength provided by the 
transverse reinforcement should be considered to ensure the desired performance 




6.3. RECOMMENDATIONS FOR FUTURE RESEARCH 
Based on the work performed in this study, the following topics are recommended 
for future research in order to enhance the knowledge of the resistance mechanisms 
involved when using externally bonded FRP for shear. 
 This research has shown that an interaction exists between the internal transverse 
steel reinforcement and externally bonded FRP shear reinforcement but these 
results alone are not sufficient to quantify fully this interaction.  Thus, further 
investigations are needed to better understand the impact of this interaction so that 
it may be incorporated into an enhanced model for the shear resistance of RC 
beams strengthened with externally-bonded FRP. 
 The use of mechanical anchorage involving discontinuous CFRP plates attached 
with concrete wedge anchors or bolts through the web were found to delay 
debonding issues and in some cases rupture of the CFRP sheets was achieved.  
However, because the concrete wedge anchors or bolts used to attach the CFRP 
plates are made of steel they are susceptible to corrosion problems.  Therefore, 
research into alternative mechanical anchorage techniques (potentially FRP 
alternatives) that are not susceptible to such corrosion issues is desired. 
 The PC girder tests conducted in this study suggest that the cross-sectional 
geometry influences the effectiveness of externally bonded FRP.  It is believed 
that the thin web and stiff flange geometry of these sections contributed to the 
ineffectiveness of the FRP shear strengthening.  However, the results from this 
study alone are not enough to fully assess the impact of such an influence.  
Further research is needed to examine different cross-sectional geometries to 
better understand the extent of its influence on the shear strengthening 
effectiveness of FRP. 
 The effective strain concept with strength reduction factor based on empirical 
calibration was adopted here to provide a simple and practical method for 
predicting the shear contribution of FRP.  However, further research in to the non-
uniform strain distribution in externally bonded FRP could prove to be useful in 
the development of more reliable design equations. 
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 Only one fatigue test was conducted in this investigation to observe the 
performance under practical cyclic loading conditions.  Additional testing should 
be conducted to validate the results of this study and to investigate the effects of 
different loading conditions.  Emphasis on the effects of cracks with respect to 
bond characteristics is of immediate concern. 
 Observations made in this research with regards to corrosion damaged specimens 
and negative moment effects should be validated by additional testing. 
 Lastly, the empirical model developed in this research effort can be used to 
provide a simple yet reliable estimate of the shear strengthening effect of 
externally bonded FRP.  However, the development of a reliable mechanics-based 
approach would be more scientifically well-founded.  To achieve this, a better 
understanding of the bond stress-slip constitutive laws is required.  Likewise, the 
























This Appendix provides additional details on the transverse steel reinforcement 
design for the RC T-beam specimens as well as illustrations of the test set-up 
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Figure A.2.  Reaction and Loading Frame Set-up 1 
(RC-8-Control, RC-12-Control, RC-8-S90-NA, RC-8-S90-DMA, RC-12-S90-NA, RC-
12-S90-DMA, RC-12-S90-HS-PC, RC-12-S90-SDMA-PC, RC-12-S90-SDMA-Cor, RC-
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Figure A.3.  Reaction and Loading Frame Set-up 2 
(RC-12-S90-NA-HM and RC-12-S90-SDMA-HM)  
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Figure A.7.  Test Set-up for RC-12-S90-HS-PC) 
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This Appendix provides additional details on the transverse steel reinforcement 
design for the PC I-girder specimens as well as illustrations of the test set-up arrangement 
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Figure B.4.  Reaction and Loading Frame Set-up 1 
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Figure B.5.  Reaction and Loading Frame Set-up 2 
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Figure B.6.  Reaction and Loading Frame Set-up 3 





Figure B.7.  Reaction and Loading Frame Set-up 4 
























































































































































INSTRUMENTATION DETAILS FOR RC T-BEAMS 
  
204 
This Appendix provides details on the orientation of the Demec mechanical strain 
disks, LVDT strain rosette, and electric resistance strain gages used in each test.  

























Figure C.2.  Demec Point Layout for RC-12-Control, RC-12-S90-NA, RC-12-S90-DMA, 
RC-12-S90-HS-PC, RC-12-S90-SDMA-PC, RC-12-S90-SDMA-Cor, RC-12-S45-NA, 
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Figure C.4.  LVDT Rosette Layout for RC-8-Control, RC-8-S90-NA, RC-8-S90-DMA 
RC-12-Control, RC-12-S90-NA, RC-12-S90-DMA, RC-12-S90-HS-PC, RC-12-S90-
SDMA-PC, RC-12-S90-SDMA-Cor, RC-12-S45-NA, RC-12-S45-HS, RC-12-S45-
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Figure C.6.  Strain Gage Pattern on Steel Reinforcement for RC-8-Control,  































Figure C.7.  Strain Gage Pattern on Steel Reinforcement for RC-12-Control,  

































Figure C.8.  Strain Gage Pattern on Steel Reinforcement for RC-12-S90-SDMA-Cor,  
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INSTRUMENTATION DETAILS FOR PC I-GIRDERS 
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This Appendix provides details on the orientation of the Demec mechanical strain 
disks, LVDT strain rosette, and electric resistance strain gages used in each test.  
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Figure D.8.  LVDT Rosette Layout for T3-12-Control, T3-12-S90-NA,  
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Figure D.9.  LVDT Rosette Layout for T3-18-Control, T3-18-S90-NA,  






























































































Figure D.12.  Strain Gage Pattern on Steel Reinforcement for T4-18-S90-CMA, T4-18-














































































Figure D.14.  Strain Gage Pattern on Steel Reinforcement for T3-12-Control,  
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Figure D.15.  Strain Gage Pattern on Steel Reinforcement for T3-18-Control,  
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STRAIN MEASUREMENTS IN STEEL STIRRUPS FOR RC T-BEAMS 
  
232 
This Appendix shows the strain measurements for the transverse steel 
reinforcement of each RC T-beam specimen.   These measurements were collected from 














































































































































































































































































































STRAIN MEASUREMENTS IN STEEL STIRRUPS FOR PC I-GIRDERS 
  
241 
This Appendix shows the strain measurements for the transverse steel 
reinforcement of each PC I-girder specimen.   These measurements were collected from 
strain gages placed along the steel stirrups within the critical shear span as detailed in 
Appendix D.  Only those strain measurements used in the shear component analysis 














































































































































































































































































































































































































































































































































































































































STRAIN MEASUREMENTS IN FRP STRIPS FOR RC T-BEAMS 
  
251 
This Appendix shows the strain measurements for the critical FRP strips of each 
RC T-beam specimen.   These measurements were collected from strain gages placed 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































STRAIN MEASUREMENTS IN FRP STRIPS FOR PC I-GIRDERS 
  
283 
This Appendix shows the strain measurements for the critical FRP strips of each 
PC I-girder specimen.  These measurements were collected from strain gages placed 
along the FRP strips as detailed in Appendix D.  Only those strain measurements used in 









































































































































































































































































































































































































































































































CRACK PATTERNS FOR RC T-BEAMS 
  
290 
This Appendix shows the progression of crack development at various loading 
stages up to failure of each RC T-beam specimen.  The applied shear force corresponding 




























































































































































































































































Table I.15.  Crack Patterns for RC-12-S90-NA-Ftg 









































CRACK PATTERNS FOR PC I-GIRDERS 
  
306 
This Appendix shows the progression of crack development at various loading 
stages up to failure of each PC I-girder specimen.  The applied shear force corresponding 
















































































































































































































































































































PRINCIPAL STRAINS IN WEB OF RC T-BEAMS 
  
323 
This Appendix shows the principal strains found in the web of the RC T-beam 
specimens.  These principal strains were determined from the LVDT strain rosette 
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